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SYNOPSIS 


Sudhanshu Varma 


Indian Institute of Technology , Kanpur 
August, 1984 

'ELHCTRICAL CHARACTERIZATION OF TRAT^SPARENT CONDUCTOR- 
OXIDE-SH4I CONDUCTOR (TCOS) SURFACE BARRIER DEVICES’ 


The primary objective of the present investigation v/as to 
study surface defects in transparent conductor-oxide-semicon- 
ductor (TCOS) devices prepared by physical (o-beam deposition), 
as well as chemical (CVD and spray) deposition processes, and 
to investigate the effect of illumination on these defects. 

Chemical vapor deposition was carried out in a standard 

tube furnace to deposit undoped and Sb- doped SnO^ films 

using hydrolysis of chlorides. Deposition tenperature was 

300®C and deposition rates were 10-30 R/r.iin. Undoped Sn02 

—3 

films had resistivity of the order of 3x10 Ohm-cm, while 

—3 

Sb-doped films had resistivity of the order of 1 *0-2.0x10 
Ohm-cm, Lowest value of resistivity was 8.6x10“'^ Ohin-cm for a 
1430 8 thick Sb-doped Sn02 film . Optical transmission was 
90-95>< for incident radiation wavelength of 0.4-1, 8 pm. Optical 
bandgap of Sb-doped Sn02 film was 3,97 eV. X-ray investiga- 
tions showed preferred orientation and presence of Sn 02 and 
SnO (0) phases in undoped films and additional Sb20^ and 



Sb20^ phases in Sb-doped films. Grain size v^as 900-1450 R 
for undoped films and 540-720 R for Sb-doped films. 

Electron-beam deposition of Sn-doped In202 at 300^0 in 
residual air atmosphere resulted in opaque film requiring 
post-deposition oxidation stop, after vihich the shoot resis- 
tance was about 30-60 Ohm/sq. Deposition in oxygon partial 

-6 

pressure of 5x10 Torr eliminated the need for post-deposition 
oxidation and resulted in sheet resistance of 20-25 Ohm/sq. 
Increase in oxygon partial pressure increased shoot resistance. 
Films deposited under oxygon partial pressure wore very stable 
and subsequent annealing at 400-550°C in oxidizing or reducing 
ambient for 60 rnln or more did not alter film resistivity 
appreciably. 

Identification of the dominant current transport mechanism 
in chemical vapor deposited Sn 02 -nSi hetero junctions was 
carried out by measuring I-V and C-V characteristics at various 
temperatures. Undopod sample had recombination-generation as 
the dominant carrier process while Sb-doped sample had multi- 
stop tunneling as the main current transport mechanism. Undopod 

sample indicated lower trap density compared to Sb-dopod sample 

-^2 

whoso reverse bias C -V characteristics showed varying slopes 
with bias and temperature indicating different levels of traps. 

Suitability of transparent conduc tor-oxido-somiconductor 
(TCOS) structure for interface investigation has been demons tra 
ted. A technique for obtaining reliable information about 



interface states by MOS admittance measurGments under illu™ 
mination has been developed. It has boon shown that simulta- 
neous use of capacitance and conductance data under illumina- 
tion can make data analysis simple and reliable. Throe simple 
and direct methods have been presented w^ich can directly give 
quasi-Fermi level separation from measured high frequency or 
low frequency C-V characteristics - in dark and under illumina- 
tion* The knowledge about state capture cross-sections for 
majority and minority carriers from admittance data under 
illumination was found essential to accurately dotermino the 
dominant imrof at a particular interface potential. 

Interface investigations in TCCS structures under illumi- 
nation, prepared by spray deposition, chemical vapor deposition 
and o-boam deposition, have been carried out by the procedure 
developed. The conductance technique could not bo used for 
interface investigation in spray and chemical vapor deposited 
samples duo to high series resistance. In the absence of 
oxporimontal data about Of, and o^, tho issue of hole vs 
electron exchange was resolved in tho following manner. Since 
tho uncortainity due to lack of knowledge of and cr^ in 
interface potential is about 0*12 V on each side of tho 
interface potential, at which tho quasi-Formi levels are equi- 
distant from the midgap, tho states near a band edge wore 
assumed to exchange charge with the corresponding bond. Also, 
all the states giving rise to a peaked state density distribu- 
tion were assumed to exchange charge with the band whoso edge 



was nearer to the location of interface state density peak, 
provided the location of the peak was outside the interface 
potential region where dominant imref was uncertain. Condu- 
ctance technique could be used in case of e-beam deposited 
sairples and dominant imref was determined by finding vAether 
the product was greater than or not. In the former 

case the electron imref will dominate, otherwise the hole 
imref will dominate. Interface state density profile obtained 
by capacitance technique matched well with the values obtained 
by conductance technique indicating that the assumptions made 
in capacitance data analysis are correct. The results indicate 
presence of interface state density peak, located around 
0.30-0.45 eV above valence band, overlying the usual U shaped 
background state density profile in case of all the samples. 
E-beam sample on p-Si showed an additional peak located 
around 0.30 eV below conduction band. The magnitude of those 
peaks increased and their location shifted towards band edge 
with increasing illumination level. This indicated generation 
of additional traps due to optically assisted process. No 
pennanent photon damage was observed under illumination and the 
observed behaviour was totally reversible. Conductance data 
indicated that >> for e-beam deposited sample on p-Si. 

The capture cross-sections were also found to vary with band- 


energy 



CHAPTER 1 


IHTRODUCTICM 

Transparent conductors, as the name suggests, possess 
high transparency and good electrical conductivity simulta- 
neously. Ultrathin metal films have been used since long in 
various applications like photoelectric cells [l] and Schottky 
barrier photodetectors [2] due to their semitransparent nature. 
They have also been used in various TCtal-oxide-semiconductor 
(MOS) solar cells fabricated during 1970s [3]. Difficulty in 
reproducing the properties of these ultrathin metal films, 
and their poor mechanical and chemical stabilities, have 
diverted the attention of investigators to oxide semicondu- 
ctors, which are generally referred to as transparent condu- 
ctors. The simultaneous occurrence of transparency and 
electrical conductivity in thin film of an oxide semicondu- 
ctor, CdO, was first reported in 1907 [4]* The commercial 
use of such films was generated by aircraft industries in 
1940s which needed transparent electrical heaters for wind- 
shield deicing. Since then, considerable amount of research 
has been done on transparent conductors. The increasing 
interest in the interaction of light vdth electronic materials 
and devices has made transparent conductors a very inportant 
category of electronic materials. 
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Lack of understanding of transparent conducting behaviour 
led to many contradictory results during early investigations 
which have been reviewed by Holland [5], Systematic investiga~ 
tions later on led to useful results on the properties of 
transparent conducting films (generally 0.1 to 1.0 pm thick) 
which have been reviewed by Vosson [6], Haacke [7], Manifacier 
[s], and Chopra et al [9]. The oxide semiconductors mostly 
studied include CdO, Sn02» 1020^, Cd2SnO_^, CdSnO^ and ZnOf 
and their properties investigated include transparency, 
electrical conductivity, bandgap, refractive index, structure 
and morphology, chemical nature, environmental stability, etc 
[6-9], which are summarised below. These materials generally 
have band gaps in the range of 3.0 - 4.0 eV resulting in high 
transparency (8C^ - 9S^) in visible spectrum of light. The 
n-type conductivity arises duo to nonstoichiometry in the 
films resulting in presence of oxygen ion vacancies and/or 
interstitial impurity ions. The conductivities have been 
found to improve by using suitable dopants like Sb and F for 
Sn02 films and Sn for In202 films. The conductivities obtained 

O A 

are generally in the range of 10 to 10 mho cm with carrier 

20 —3 

concentrations more than 10 cm . Such high carrier concen- 
trations make those semiconductors degenerate and result in 
good infrared reflecting properties. The refractive indices 
are reported to be around 2.0 which make those films very good 
antirof lection coatings on silicon solar cells. 
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Apart from transparent heaters for aircraft/automobile 
wind-shields, the transparent conductors have found variety of 
applications [6-93. These are : infra-red reflector' for glass 
windows and incandescent bulbs, antistatic coatings for instru- 
ment panels, gas sensors, protective and wear-resistant coatings 
for glass containers, low temperature secondary thermometers, 
thin film resistors, antireflection coatings, reflector absor- 
ber tandem for photothermal conversion, transparent electrodes 
for display devices like liquid crystal displays and light 
Guiitting diodes, imaging tubes (vidicons), transparent gates 
for various opto-clectronic devices liko photodetectors, solar 
cells and solid state imaging devices, etc. Each aoplication 
requires a different emphasis on various properties of trans- 
parent conductors. Knowledge about transparency, conductivity, 
mechanical hardness and chemical (environmental) stability may 
be sufficient for passive applications. Active applications, on 
the otherhand, require more detailed knowledge about electrical, 
optical, structural and chemical properties. Our interest lies 
in application of transparent conductors in electronic devices. 
These devices, till date, have mostly employed Sn02 or In202 
films * 

Transparent conductors have been deposited by various 
chemical and physical processes [6,8,9]. These include; 
chemical vapor deposition, spray hydrolysis, chemical solution 
growth, dip technique, oxidation of metallic films, reactive 



4 


evaporation, direct evaporation of oxides, reactive ion 
plating, reactive sputtering, magnetron sputtering, d.c./i%f. 
sputtering from oxide targets, ion beam sputtering, etc. Spray 
hydrolysis has been the most extensively used process for 
depositing Sn02 films for many applications. Because of ease 
in coating large areas, adaptability to automation, and low 
cost matorials used, it has been found very promising for solar 
cell applications. Solar cells with efficiencies exceeding 14;;^ 
have been reported to be fabricated with spray deposition of 
Sn02 and IT 12 O 2 films on n-type Si [lO]. Ion-beam sputtered 
In^Os-SiO^-pSi solar colls have yielded efficiencies in the 
range of IS-lb^i [11,12], Polycrystalline silicon solar cells 
using transparent gates have resulted in efficiencies in the 
range of IO-1254 [13], Electron-beam evaporated In202-pCdTe 
heterojunction solar cells have been reported with lOm'of/, 
efficiency [l4]. Electron-beam deposited InpO^-pCuInSep [15] » 
and r,f, sputtered In202-pCdTe [I6] and ZnO-pCdTe [I6] solar 
colls yielded efficiencies in the range of 8-9j^. In2O0-pInP 
solar cell prepared by ion beam deposition has also been 
reported with an active area efficiency of 14.4^ [17], In 
addition to solar colls, the transparent conductors have also 
been used in fabrication of high efficiency photodotectors 
[I8], charge couple devices [19,20], and charge injection 
devices [21,22], which are used as solid state imaging 
devices. Sn02 films used in the case of charge injection 
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devices were deposited by sputtering [21] and chemical 
vapor deposition [22], while In 20 q, films used in photo- 
detectors [l3], charge coupled devices [19,20], and charge 
injection devices [21] wore sputter deposited. 

Most of the investigations reported till now 'were airaed 
at deposition of transparent conducting films by various 
techniques and study of their electrical, optical, structural, 
and chemical properties [6-9], Transparent conductor-silicon 
(and a few other semiconductors) hotorojunction solar colls 
prepared by various techniques have also boon studied exten- 
sively so as to achieve as high efficiency as possible [10-17], 
Application of transparent conductors in other electronic 
devices like solid state imaging devices, etc. is also being 
investigated [18-22], The perforruance of all those surface 
barrier devices is governed by the prosonco of traps and 
interface stati;s. The role of those traps and interface states 
under illumination becomes very important for electronic 
devices involving interaction with light. Very li ttle, however , 
has boon reported on the generation of these defects by various 
deposition techniques, and the materials used for chemical 
deposition processes, and the effect of illumination on those 
d.’focts. The primary objective of this investigation was the 
study of interface states, under illumination, in transparent 
conductor-oxido-silicon surface barrier devices prepared by 
various deposition techniques like spray hydrolysis, chemical 
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vapor deposition , and oloctron beam evaporation. The gonoration 
of traps in transparent conductor-silicon he tor oj unctions pre- 
pared by chemical vapor deposition, their dapondonco on the 
mat '-rials used during deposition, and thoir role in governing 
carrier transport processes across the hetorojunc tion has also 
boon investigated. 


Spray hydrolysis of cliloridos to form Sn02 and In20^ films, 
has boon oxtonsivoly used in fabrication of solar cells [lO]. 
However, for more sophistica tod applications like solid state- 
imaging c’ovicos, spray hydrolysis may not be suitable, as the 
problems with uniforhiity and reproducibility arc frequently 
uncountorod. Chemical vapor deposition is oxpoctod to give 
more uniform and reproducible films, making it attractive for 
electronic device applications. Chor.iical vapor deposition can 
be* done either by pyrolysis of organomotcdlic compounds or by 
hydrolysis of chlorides. Wo hove chosen tr» study the films 
deposited by chemical vap-ar deposition using hydrolytic rea- 
ction as the reagents used are same as those used in spray 
deposition. The films have boon deposited on silicon and silica 
substrates in a standard tube furnace. The electrical resisti- 
vity, optical transparency, and structural properties like 


grain size and various phases present in the film, have boon 
studied for undoped and Sb doped Sn02 films. The aim was to 
deposit films with lovi/ electrical resistivity and high optical 


transparency so that they could bo used to make Sn 02 -silicon 
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heterojunctions and Sn02“*Si02"Si (TCOS) structures for studies 
on traps and interface states. The structural characterization 
was done to get an idea about various phases present in the 
film which could help in determining the origin of traps. 

No systematic attempt was made to study the variation in film 
properties with deposition parameters, as that was not within 
the scope of this work. Electron beam evaporation from oxide 
target has been used to deposit Sn doped In^O^ films on sili- 
con and silica substrates. These films have been deposited in 
residual gas atmosphere as v/ell as in oxygen partial pressure. 
The effect of post-deposition heat treatments in residual gas 
atmosphere, inert ambient, oxidizing ambient, and reducing 
ambient, have been studied. Tho details of film deposition by 
chemical vapor deposition and electron beam deposition^ and 
their characterization arc given in Chapter 2 . 

An interesting feature that wc have observed in case of 
Sn02 (or 10203) -nSi solar cells, prepared by spray hydrolysis, 
is their consistently high open-circuit voltage, but the 
fill factors have been comparatively low. Low fill factors 
arise due to excess diode current in solar cells. The chemical 
processes, like hydrolysis, are likely to introduce traps at 
the interface and in depletion region. Those traps may bo 
gonoratod duo to various chemical spocios present during the 
reaction, which might either bo from tho reagents used or as 
a result of by-products of reactions. Similarly, physical 
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processes like sputtering and evaporation may give rise to 
radiation damage at the interface, arising from striking 
of the interface by the charged particles and X-rays etc,, 
during deposition. These traps and interface states can play 
a dominant role in governing the carrier transport process 
across the barrier. It is, therefore, important to investi- 
gate the current transport mechanism in transparent conductor- 
silicon hotorojunctions . Though some attempts have been made 
to identify the dominant carrier transport process in those 
hotorojunctions [14,23-28], they have loci to doubtful conclu- 
sions in a few cases clue to incomplete investigations [23-25]. 
7ifo have prepared Sn02~Si and Sb doped Sn02'"Si hotorojunctions 
by chemical vapor deposition) and have demonstrated hov; the 
dominant current transport mechanism can be identified, based 
on the presently available diagnostic tools, from the current 
vs voltage and ca[)acitanc&..'v5 voltage chP.racthristics measured 
at diff.\r:;nt tonputaturcs. The reason for investigating the 
carrier transport mechanism in case of chemical vapor deposited 
h.'toro junctions is that, this study can also bo helpful in 
identifying the source of undosired diode current in spray 
deposited solar colls, since the reagents and reactions remain 
saiao for both thcjsc deposition techniques. Moreover such 
studios, on chumical vapor deposited Sn 02 -Si hotorojunctions, 
have not boon reported in literature. The effect of traps, 
genoratod by the chemical processing, on the hotorojunction 
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barrier and transport process, and the possible origin of 
these traps have also been investigated [29]. Such an 
information can help in minimizing the factors responsible 
for excess diode current, and the fill factors can be improved' 
further, resulting in higher efficiencies in these solar cells. 
Cliapter 3 gives details of these investigations. 

The physical processes like sputtering and electron 
beam deposition, which are cornivionly used in fabrication of 
modern microelectronic devices, are known to cause surface 
defects by irradiation with energetic particles like ions, 
electrons, photons ( X-rays), etc- This results in additional 
interface states at thormally grown SiOp-Si interface, and 
in degradation of SiO^, which govern the behaviour of these 
devices. Though some studies have been carried out to deter- 
mine the density of these defects, and their thermal annealing 
in various ambients [18,30-39], very littlo has been reported 
on thv} nature and origin of those defects. The effect of 
illumination on the behaviour of those defects becomes impor- 
tant for optoelectronic devicos like solar cells and solid 
state imagers and needs to bo studied. Similarly, no interface 
investigation has boon roported on chemically deposited (spray 
or chemical vapor deposition) transparent conductor-oxido- 
silicon (TCOS) structuros , which is also important for opto- 
electronic devices. We, thoruforo, decided to characterize 
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Si-Si02 interface in TCOS structures under illumination, which 
were prepared by physical (e~bearn evaporation) as well as 
chemical (spray and CVD) processes. 

The most important aspect of present interface investiga- 
tion was to develop a procedure for obtaining reliable infor- 
mation about interface states by small signal admittance mea- 
surements under illumination. The use of illumination to 
determine interface state distribution in the minority 
carried bandgap half, and to determine interface state capture 
cross-sections for minority carriers, by conductance technique 
was demonstrated by Poon ot al. [40,41], The knovi/ledge about 
quasi-i-orrni level separation becomes important for obtaining 
interface state profile from admittance measurements under 
illumination, and the technique proposed by Poon et al [41] 
involves calculation of the semiconductor space charge as a 
function of the surface potential for a range of values of 
quasi-Termi level separation. Vie have demonstrated the 
suitability of TCOS structures for Si-SiOp interface investi- 
gation, under illumination, by the capacitance technique 
which is simpler compared to conductance technique [42], We 
have also presented three simple and direct methods for expert 
mentally determining quasi-Fermi level separation from measure 
mont of either high or low frequency capacitance-voltage chara- 
cteristics of a TCOS structure in dark and under illumina- 
tion [43,44], In case of interface investigation in dark, 
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cither the capacitanco or the conductance, technique can be 
used to get reliable data on interface states. However, 
wo have shown that in order to get reliable information about 
interface states and their capture, cross sections under 
illumination, the conductance technique should be used along- 
with the capacitanco technique. The details of the technique 
proposed are given in Chapter 4. 

Use of illumination extends the capabilities of admittance 
techniques for o!)taining additional information about interface 
states. In dark the interface states generally exchange charge 
with the majority carrier band. Information about interface 
states near the minority carrier band edge cannot be obtained 
by quasi-static technique, specially if they have small 
capture cross-section for majority carriers, because of pro- 
blems v/ith leakage current, device drift, and long time periods 
necessary. Those states can bo accessed easily under illumi- 
nation. Thus interface states over most of the bandgap can be 
characterised by admittance techniques with help of illumina- 
tion. Measurements under illumination yield electron capture 
cross-section (o^) of upper half bandgap states and hole 
capture cross-section of lower half bandgap states. These 

capture cross-sections may not be equal and knowledge of both 
may help in identifying the nature of traps, e.g., acceptor 
traps vi/ill result in >> 
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Use of illumination also helps in finding optically 
activated states, their nature, and behaviour under different 
illumination levels [44]. Knowledge about interface state 
distribution under illumination becomes important in the 
above context. Interface investigation in case of ultrathin 
oxides for VLSI applications can be carried out by quasi” 
static technique only at high ramp rate due to large leakage 
currents. This does not give information about a large number 
of states which cannot respond to high ramp rates. In such 
cases capacitance-voltage and conductance-voltage measurements 
under illumination can be used to get interface state profile 
Interface investigations wore carried out using admittance 
techniques under illumination, on TCOS structures prepared by 
spray hydrolysis, chemical vapor deposition, and electron beam 
evaporation. Effect of illumination on these interface states 
was also studied by varying the illumination level. Such a 
study is expected to yield very useful results for solid state 
imaging devices. Details of the procedures outlined for inter 
face investigations, using TCOS structures under illumination, 
and the results obtained are given in Chapter 4. 
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In addition to providing capture cross-sections for upper 
half and lower half band gap states, the conductance technique 
can also give the break up if states with different capture 
cross-sections are present in the same region. Capacitance 
technique data provides the sum total of the densities of such 
a collection of states but the conductance technique can break 
this up into groups having different capture cross-sections 
and provide the density of each group. In fact the biggest 
handicap of conductance technique previously was the large time 
taken for measurement and data analysis, which now has been 
overcome by powerful equipment like HP 4192A LF impedance 
analyser with facilities for automation and interfacing with 
desk top computer. Conductance voltage measurements at a 
large number of frequencies over a wide frequency range under 
different illumination levels and the data analysis can now be 
done in a short time to get useful information about interface 
defects. 
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CH/APTER 2 

DEPOSITIGII AGD CFV-vRACT zRIZATIOn OF TIWISPARENT 

CONDUCTING FlUiS 


2.1 INTRODUCTION 

Various thin film deposition techniques have been used 
for dopcsition of transparent conducting films. Those include 
pli’/sicnl do’-josition procossos like sputtering and evaporation, 
and che..iical deposition processes like spray hydrolysis and 
chci.iical vapor deposition. Different deposition techniques, 
and tlie deposition parnmotors governing the fiLa properties, 
have been reviewed by Vossen [l] and Chopra et al [2]. 

The pro!'>ortiGS of transparent conducting films, deposited 
by various toch.niques, show a marked scottoring in the litora*- 
since the thin film pronerties are govornod by various 
deposition pnrametnrs . The most important properties are 
shoot resistance and transmittance. Tiioy are given by ; 



and 

'1^ = (1-1\)^ oxp(-a^ t) ('^.2) ; 

v/herc is the sheet resistance of the film, t is the fili.i 
thickness, p(t) [or cr(t)] is the resistivity [or conductivity], 
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I 

If this quantity is called it can be expressed by 


'FB X /e +LkT/q^e 

ox ox *■ B a 




( 2 . 10 ) 


where is the extrinsic Debye length. 

When the gate voltage becomes more positive than 
the flat-band voltage, holes are repelled from the surface 
of the silicon and the system is in the depletion-bias 
condition. Under this condition, relatively straight- 
forward electrostatic analysis shows that the overall 
capacitance corresponds to the capacitance that is 
obtained by a series connection of the oxide capacitance 
and the capacitance across the surface depletion 
regions 

c' = — j-' ' ' ' - ' (2.11) 

1/C + x,/e 

' ox d' s 

where X, is the width of the surface depletion 

CL 

layer, which depends upon gate bias as well as the 
doping and the oxide properties. From above equation 
we see that the capacitance of the system decreases as 
the depletion region widens. 

When the gate bias is increased sufficiently to 
invert the surface, a new feature must be considered 
to describe the MOS capacitance behavior. We recall 
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The requirement of pattern generation in displays, using 
photolithography, needs chemical etchability of the film. 

These factors make Sn doped In2O0 films as tho most suited 
transparent conductor for displays. Windshield heaters and 
front surface infra-red reflectors require excellent chemical 
and mechanical resistance making Sn02 as the best material 
for this purpose. Active applications like gas sensors, thin 
film resistors, electronic devices, etc. require a detailed 
knowledge of various optical, electrical, structural and 
chemical properties of transparent conductors. The require- 
ment for electronic devices becomes very complicated. In 
addition to high transparency and low sheet resistance, the 
transparent conductor should form a high barrier with semi- 
conductors like silicon. Both Sn02 and In203 films, depo- 
sited by spray hydrolysis, have been found to give high 
barriers with n--type silicon, resulting in solar cells with 
more than 14 '/, efficiencies [ 5 ]. Excess diode currents in 
these devices, however, result in comparatively poor fill 
factors, and the efficiencies arc limited by the fill factors. 
The carrier transport processes across tlie barriers, and the 
role of traps produced by deposition processes in governing 
tho transport processes, become very important. In addition 
to traps, the deposition processes arc expected to affect the 
interface state distribution at Si>-Si02 interface, which 
governs the performance of TCOS structure based devices like 



solid state imaging devices. Therefore, properties of 
transparent conductors, especially those which affect the 
interface, become very important, and transparent conductor 
materials and processes require evaluation froia entirely a 
different angle . 

■le have chosen to study interface defects in transparent 
conductor-silicon surface barrier devices prepared by different 
techniques of film deposition. The emphasis was on depositing 
good quality transparent conducting films, so that surface 
barrier devices could bo fabricated, and interface defects 
could be studied. We have not tried to carry out a systematic 
study of variation in film properties with deposition para- 
meters . 

Chemical vapor deposition (CVD) was selected as chemical 
process for film deposition, since it is generally expected 
to yield more uniform and reproducible films compared to 
spray hydrolysis, making it moro suitable for sophisticated 
electronic devices. Vie have chosen to deposit films using 
hydrolysis of chlorides since in that case the reagents and 
reactions used become same as those used in spray hydrolysis. 
The results on the study of traps in chemical vapor deposited 
samples could, therefore, yield results equally useful for 
spray deposited devices. Another reason for selecting chemical 


vapor deposition process was that its use in fabrication of 
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surface barrier devices^ either heterojunction or TCOS 
structure, is hardly explored. Films of Sn02 and Sb doped 
Sn02 have been deposited by cherriical vapor deposition. The 
reason for selecting Sn 02 based films is that chlorides of tin 
are considerably cheap compared to chlorides of indium, and 
hence deposition of Sn 02 films (undoped and doped) by hydro- 
lysis is quite extensively used for various applications, 
including solar colls. The films have been deposited on 
polished silicon and polished fused silica substrates. The 
transmittance as a function of incident photon wave length, and 
sheet resistance (and resistivity) of those films have been 
measured. The transmittance data are used to dotormino the 
band gap. Electron microscopic investigations have boon 
carried out to determine the grain size ’>whilo X-ray diffra- 
ction has boon used to identify various phases present in the 
film. All those characterizations wore done to assess the 
quality of transparent conducting films. X-ray investigation 
was thought useful to identify various phases and compounds 
in the film which could throw some light on the chemical 
origin of interface defects. 

Deposition of transparent conductors by physical process, 
like sputtering, has been extensively used for sophisticated 
applications like electronic devices [1,2]. Electron beam eva- 
poration has also boon used to deposit transparent conducting 
films, ospocially for solar- cells, but its application 

in other surface barrier devices is relative- 
ly unexplored. The physical processes, like 
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sputtering and electron beam evaporation, involve interaction 
with charged particles. The S£02 film and Si-SiOp inte’rface in 
electronic devices encounter radiation damages due to their 
interaction v;ith ions, electrons and photons (X-rays). The 
study of damage in TCOS structures prepared by physical depo- 
sition processes becomes very important. Since the nature of 
damage is mostly same in sputtering or e-beam evaporation, the 
results will have bearing on both the processes. Reactive 
sputtering from metal targets , usually requires post deposition 
annealing in either oxidizing [6] or reducing [7] ambient, 
depending on initial sputter conditions, to obtain good csuality 
transparent conducting films. The control of film stoichiometry 
has been found to be relatively easier in case of sputtering 
from oxide targets but problems like contamination from hot 
pressed targets, excessive heating of target during deposition, 
etc. are freciuently encountered [l]. Highly transparent and 
conducting films of Sn doped In202 have been reported to be 
easily deposited by direct evaporation from oxide source [8]. 
Introduction of sufficient amount of oxygen during deposition 
has been found to eliminate the requirement of post deposition 
heat treatment [9]. 'Uq have therefore decided to study the 
damage in electron boam deposited Sb doped In202~SiO^-Si 
surface barrier devices. The deposition of films has been 
carried out under residual gas atmosphere and under oxygen 
partial pressure. Post deposition heat treatment in residual 





gas atmosphere, in inert atmosphere, and under oxidizing as 
well as reducing ambients have been tried. The detailed 
characterization of the films has not boon carried out- ■ 

Only annealing ef f '-cts- have laee'n stu-died. Sufficiently 
transparent and conducting films have been deposited by this 
method and TCOS structures have boon fabricated to study the 
interface damage . 

2.2 ilETHODS OF DEPOSITION PROP^IFITIES OF TRANSPARENT 

CONDUCTING FimS 

2.2.1 Film Deposition Techniques 

Transparent conducting films have Ixjon deposited by 
various methods which can be broadly classified as ; evapora- 
tion, sputtering, reactive ion plating, chemical vapor depo- 
sition, spray hydrolysis and miscellaneous techniques. Those 
have been reviewed by Vossen [l] and Chopra ot al [2], and are 
summarised below. 

Evapor ation 

Evaporation is a common technique for metal film deposi- 
tion. Post oxidation of evaporated filais has been employed 
to prepare thin films of transparent conductors such as Sn 02 , 
In^Os and ZnO. Tho transparency and conductivity are governed 
by oxidation tomporature, Tho process suffers the drav/back of 
the possibility of incomplete oxidation of thicker films [lO], 
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Reactive evaporation of Sn, In and Sn~In alloy, in oxygen 
atmosphere, has been used to deposit Sn02, 1^203 and Sn doped 
^^^ 2^3 The resistivity strongly depends on oxygen par- 

tial pressure and reduces as the oxygen partial pressure is 

-4 

increased to 10 Torr after which the resistivity starts 
increasing [ll]. Higher substrate temperatures result in 
better crystallinity with increase in raobility [ll] . 


Vihen thermionic ally assisted plasma is established during 
reactive evaporation to activate the reaction, the process is 
generally called activated reactive evaporation (ARE) . Excellent 
quality transparent conducting films of Sn doped 10203, Sb doped 
Sn02 and ZnO have been deposited by this method [ 11 - 14 ], 

Direct evaporation of Sn02, 1020^, Sn eloped 10203 and ZnO 
has been carried out using thermal [ 9 ^ 15 ], electron beam [ 8 , 16 ] 
and flash evaporation [l 7 ]. SnO^ cannot be evaporated thex™ 
mally clue to its high melting point and eloctron beam evapora- 
tion is normally employed. As deposited films generally have 
low transmittance and high resistivity since the oxides 
normally reduce to form films of lower oxides during evapora- 
tion. Transmittance and conductivity can be improved either 
by post oxidation of films [ 15 ], or by introducing oxygen 
during evaporation [ 9 ]. The final electrical and optical 
properties of the films, in case of post deposition oxidation, 
aro determined by the extent of diffusion controlled oxidation 
of less oxidized species. Substrate temperature and oxygon 
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partial pressure are the main control parameters in case of 
oxidation during deposition. Though substrate temperature of 
about 400°C is generally used during direct evaporation highly 
transparent and conducting films of Sn doped In202 have been 
reported by electron bean deposition on substrates at 
150"-200°C [B], The dependence of resistivity and transmission 
on substrate temperature and subsequent oxidation temperature 
has also boon studied for Sn doped In203 films [15], Thus 
higher oxygon partial pressure (sufficient to oxidize all 
suboxido species), adequate substrate temperatures, and fast 
deposition rates (to suppress the dissociation of oxides) are 
expected to give bettor quality transparent conducting 
films [2] . 

S pu ttGring 

Various forms of sputtering like d.c., r.f., magnetron, 
and ion beam sputtering, have been used to deposit transparent 
conductors. As in case of evaporation, the sputtering also 
can either bo reactive, i.e., sputtering from metallic targets 
in oxidizing atmosphere, or direct sputtering from oxide 
targets. Sputtering rates are more easily controlled than 
evaporation rates. Also sputtering is more directional than 
evaporation, and expensive source material is loss wasted. 
However, sputtering is slower and more complicated than 
evaporation and hence special care is to be oxcrcisod. 
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Thin films of CdO^ Sn02j Sb doped SnO^, In202> Sn doped 
and Cd^Sn0^j_ have been deposited by reactive sputtering 
[v6,7 ,18 , 19] . As sputtered films are usually amorphous if 
deposited on unhoated substrates, elevated substrate temperatur* 
or post deposition heat treatment result in polycrystallino 
films. As sputtered films generally have high resistivity and 
normally require post deposition high tomporature heat treat- 
ment in either oxidizing [6] or reducing [7] ambient depending 
on initial sputtering conditions. Typical deposition rates 
forroactivo sputtering are 50 ^ - 300 R min"*^. 

Sputtering from oxide targets normally result in better 
control of film stoichiomotry and the need for post deposition 
high, temporaturo annealing is minimized. However, target 
fabrication is quite difficult. Hot pressed targets are 
generally porous resulting in inexhaustible sources of conta- 
mination [20], Another problem associated with oxide targets 
3..S excessive target heating requiring very efficient cooling 
[l]. Target mounting thcerofore becomes very critical. Highly 
transparent and conducting films of Sn02 [21], Sb doped 
Sn02 [22], In 203 [23], Sn doped In 203 [24-26], ZnO [27], and 
Cd 2 SnO^ [28] have boon deposited by sputtering from oxide 
tai'gets. Optimum value of substrate toinporaturo obtained by 
various workers varies from 150 to 500^0. Addition of oxygon 
in tho sputtering gas (Ar) over a very narrow range of pressure 
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has been found to significantly improve crystallinity, 
mobility, transmittance and IR reflectance of these films 
[ 24 , 25 ]. Typical deposition rates fox sputtering frora 
oxide targets are 100 R - 200 R min~^ [24] . 

Ion beam sputtering from oxide targets, at substrates 
temperatures as low as 30°C, has been employed to deposit very 
good quality Sn doped In^O^ films [29]. It has also boon used 
to deposit Sn02 films [30]. The film properties are found to 
be dependent on oxygen partial pressure during sputtering [29] . 

Ro acti ye Io n Plating 

Reactive ion plating is basically reactive evaporation 
[31“-33] or hiagnetron sputtering [32,34] of metals and alloys 
aided by a low power r.f. discharge (about 100 W) directed 
towards the substrate. It is a promising low temperature 
deposition technique. The bombardment of energetic ions 
provide energy to the surface of the substrate, and to that 
of the grov/ing film, eliminating the need for substrate heat- 
ing. Ionized reactive species also facilitate their reaction 
with evaporated or sputtered atoms. Transparent conducting 
films of 10203 [ 32 ], Sn doped 1020 ^ [33,34],F doped In^O^ 

[ 31 ] and CdqSnO^ [34] have been deposited by this method. 

The influence of various deposition parameters on the film 
properties havealso been studied in detail [32-34]. Typical 
deposition rates are 1000 R i.ain~^ for evaporation [33], and 
100 R - 500 R min ^ for magnetron sputtering [34] . 



28 


emi_c a i_ Vap or^ Jrl§R2,? 

Chemical vapor deposition is a simple, reproducible, and 
inexpensive process in terms of equipment cost, with the flexi 
bill by of introducing dopants easily v/hon desired. The deposi 
tion can take place duo to either pyrolytic or hydrolytic 
reaction. In pyrolytic process, the oryanometallic compounds 
thermally decompose at the heated substrate, and their insitu 
oxidation vjith or in the deposition of 

metallic oxide film. The hydrolytic process is based on the 
reaction of metal chlorides, vjith water vapor or oxygon, on 
the heated substrate. Doping is cnrrie<J. out by introducing 
suitable reactive species along vjith other reagents in the 
reaction cha.mber. Since all the reactive species are intro-’ 
ducecl in gaseous form, thoir concentration can be adjusted 
easily and desired stoichiometry obtained. Some basic rea- 
ctions resulting in formation of SnO^ by chemical vapor 
deposition are [2] ; 

SnCl^(g) +■ O^Cg) • -—> Sn02(G) + 2Cl2('3) f 
SnCl^Cg) + 2Fi20(g)™ ^ Sn02(s) + 4HCl(g) ? 

( CH3 ) 4S n ( g ) +802 ^ ^ ^ Sn02 ( s ) +6II2O ( g ) + 4 C O2 ( g ) j 

wliere (g) stands for gaseous form 'and (s) stands for solid 
form. True reaction kinetics are very complicated which have 
been examined by Ghoshtagore [35] . The viiain process control 
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parameters in CVD are the gas flow, gas composition, substrate 
temperature and geometry of the deposition apparatus. High 
substrate temperatures increase deposition rate and favour 
anion vacancies, v,;hereas low temperatures favour Cl incorpora- 
tion in the films prepared by hydrolysis [36,37]. The amount 
of anion vacancies at any temperature is governed by the gas 
composition near substrate. The problem becomes more compli- 
cated for doped films. Since the equilibrium constants for 
the reactions of the host and dopant chlorides are usually 
different, and they vary with temperature in diffoirent ways, 
the ratio of dopant atoms to host atoms is not only different 
from that of the starting reagents, but it varies mth depo>- 
siiion temperature [l]. Lov; deposition temperatures may lead : 
to incomplete reaction resulting in undesired phases in the 
film, while high deposition temperatures give rise to conta- 
mination from the substrate. Substrate contamination becomes 
critical in case of alkali glass which introduce p-type dopanti 
in SnO^ and In202 films reducing their conductivity. Another 
problem with high substrate temperature is the possibility of j 
preheating of gases by radiation, resulting in decomposition 
of reagents in gas phase rather than at substrate surface. 
Stagnation of gases around the substrate also results in 
similar problem. Those may load to a powder deposit instead 
of a smooth film or the film prepared may be hazy [38]. Systeni 
geometry and gas flow therefore play a vital role in 
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determining the uniformity and quality of films deposited by 
chemical vapor deposition. All process parameters must be 
adjusted empirically at the beginning and then their proper 
control yields quite reproducible filras. Each set up has its 
own set of optimized parameters which may not hold good for 
another set up. CVD is therefore more empirical in nature 
compared to other techniques. 

Cho-iiical vapor deposition has been used for deposi.tion 
of Sn02 [38“40] , Sb doped Sn02 [4l], 3;n202 [42], Sn doped 
In20.j [ 43 ], and ZnO [42] films, Organomotallic compounds 
suitable for deposition of 10200 are ^ncomraon and expensive, 
but those used for SnOo are inexpensive. Sn02 has been 
deposited by both the pyrolytic [36,41] as well as the hydro- 
lytic [36,39,40] reactions. ZnO film has been deposited by 
pyrolytic process [42], 

Substrate temperatures around 400^0 have been commonly | 
employed. Low substrate temperatures (< 350°C) have been I 
reported to result in amorphous films, but higher temperatures 
favoured larger grains, better crystallinity and higher mobi- 
lity [ 39 ]. Typical deposition rates are 300 - 1000 R min 1 
but a continuous CVD set up has been reported for deposition 
of Sn 02 films on moving glass substrate, with deposition rate? 
of 1 micron sec"”^, producing films of 80^ transmittance, and 
3x10'"'^ Oim.cm resistivity [40], 
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Spray Hydro lysis 

Spray hydrolysis process has been developed mainly for 
large area film deposition at relatively low cost. The 
process involves spraying of an aqueous solution containing 
soluble metallic compounds on a heated substrate. The basic 
reaction involved is same as that mentioned in chemical vapor 
deposition. The liquid droplets may vaporise before reaching 
the substrate or react on it after splashing- Splashing of 
lic[uid droplets is not desired since it gives a thermal shock 
to the substrate and results in nonuniforra film. This can 
bo avoided cither by preheating the droplets to vaporise [44] 
or by using an inverted arrangement [45]. 

Spray hydrolysis has boon extensively used to deposit 
doped and undoped films of SnO^ and In202. Undoped Sn02 [44], 
Sb“doped Sn02 [46] and F-doped SnO^ films [45,47,48] have been 
deposited by spraying alcoholic solutions of SnCl^ vd.th SbCl^, 
NH^F, HF and trif luoroacitic acid as dopant sources. In202[49j 
and Sn doped In202 [47-49] films have been deposited using 
InCl^ with SnCl^ as t!ic dopant source. Films of ZnO [50] and 
Cd 2 SnO^ [5l] have also been deposited by this method. Addition 
of small quantity of HCl is reported to have improved the 
film quality [44,40,51]. 
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Important control parameters are the substrate temperature 
solution composition, deposition time, nozzle to substrate 
distance and solution (gas) flovj rates. Typical deposition 
temperatures are 450--550°C v/hich result in polycrys talline 
films. Films grown at temperatures around 300°C are reported 
to be amorphous [44,48]. Increase in deposition temperature 
increases the grain size. Typical deposition rates are 
1CX)0 R ~ 2000 R min~^. This method has many drawbacks making 
it unsuitable for sophisticated applications. A lot of 
starting material is wasted (InCl^ is quite expensive). The 
substrate receives a thermal shock and the exact tomporaturo 
during deposition is not known. The films produced arc 
gonurally nonuniform and reproducibility is poor. 

M i s c , el I an q ou s To c hn i q uo s 

Many other techniques, which have not been mentioned 
above for deposition of transparent conducting films, are also 
being tried. Those include dip technique, chemical solution 
growth, screen printing, glow discharge, and reactive triode 
sputtering [2]. The results on some of them are encouraging. 

2.2.2 Properties of Transparent Conducting Films 

The properties of transparent conducting films, prepared by 
various techniques, have boon reviewed by several authors [l'-'4] 
Those arvj summarised below. 



^ Cadm iur a Ox i de (CdO) ; The electrical and optical properties of 

CdO were explored, in detail in 1950s and have been reviev/ed by 

Haacke [3] . It is an n-type semiconductor with interstitial Cd 

providing free electron concentration in the range of 
16 91 ~~3 

5 xlO to 1x10" era depending on stoichiometric perfection. 
The f undam.ijntal optical absorption edge of CdO was found to 
exhibit a largo shift from 2.3 eV to 2,7 eV as free carrier 
concentration increased. Single crystal with carrier concentra- 

IQ -3 p -1 

tion of 10 ' cm " showed mobility as high as 300 cm" V ’ sec , 

on ^3 

while thin films with carrier concentration of lO''" cm showed 

o *^1 

mobility of about 120 cr;T' V sec , Best reported conductivity 

3 —1 

was OxlO” mho. cm , while transmission at wavelengths longer 
than 5000 R was in the range of 00 to 90*/ [3] . 

Two f'lctors are responsible for CdO not receiving much 
attention for practical utilization [3]. Firstly, the trans- 
mission cutoff in high conductivity state leads 

to absorption of blue light and the film appears greenish blue. 
More serious is the second factor of low resistance against 
atmospheric moisutre attack which excluded CdO from most of tho 
applications . 

Tin Oxide (SnOo) : SnOo is the first and still the most widely 

used transparent conductor for commercial applications. It has 
acceptable .jloctrical and optical properties, in addition to 
oxcollont chonical stability and mechanical hardness. Further- 
more, it can be deposited by simple and inexpensive methods, like 
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spray hydrolysis, using lovi cost raw materials, although these 
may not yield the best film properties. Sn 02 has been investi- 
gated in great details, but films produced by different deposi- 
tion techniques have normally resulted in widely varying proper 
tie s . 

Sn 02 is an n-type semiconductor with carrier concentra- 
19 -3 

tion exceeding 10 cm . It has been deposited by practicall"; 
all the techniques discussed earlier. The native defects 
giving rise to high conductivity have been identified as doubly 
ionized oxygen vacancies [52]. The oxygen ion vacancy concen- 
tration can be varied over a wide range by heat treatment 
[53,54]. SnO^ films can be doped conveniently by Sb [55] and 
F[47] while Cl may contribute some free carrie.rs in films 
prepared by hydrolysis [36]. Doping has been found to normall' 
increase the conductivity by an order of magnitude. Sn 02 
films (doped and undoped) have yielded conductivities in the 
range of 10'^ to lO"^ -mho. cm~^ [2], Other dopants like In,Te,V^ 
Ci,Br,I, etc. do not seem to affect conductivity significantly 
[2], though P [56] and As [57] have shown encouraging results. 

Sn 02 retains its tetragonal structure in thin film form 
but shov/s preferred orientation with grain size between 
200 - 600 R, which depends on deposition temperature and I 

doping [44,46]. Sn02 film may contain additional phases like 
3n0, ^^2^2 while Sb doping may result in phases like 
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^^2*^4* These secondary phases can alter the electrical and 
optical properties of SnO^ films. For example, SnO may reduce 
transmittance due to its smaller band gap. It may also 
increase the film resistivity. Dopants like Sb have also been 
found to reduce transmittance but F does not affect it [46]. 

Energy band investigations for Sn02 indicate multiplicity 
of non-parabolic conduction and valence bands resulting in 
both direct and indirect optical transitions [58,59]. Various 
investigators have reported direct optical band gap of 3.77 to 
4.30 eV for undopod SnO^ films [2,17] while the refractive index 
has been found to lie between 1.8 and 2.0 [2]. Antimony doping 
has been found to increase the optical bandgap slightly duo to 
increase in carrier concentration [47] . 

The minimum reported sheet resistance is 8 Ohm/sq. for 

a 6000 % thick F~dopod film. It had an average transmittance 

of 30^ for visible light and mobility was 23 cm^V“^soc"'^ [47]. 

2 ~1 ~1 

The highest reported mobility is 46 cm ‘V sec for a F--clopod 

Sn02 film v/ith shoot resistance of 8.6 Ohm/sq [60]. The lowest ; 

-5 ' 

reported resistivity is 8x10 Ohm-cm for Sb-doped Sn02 film 

prepared by activated reactive evaporation [l2]. 

Ind ium Oxide * Commercial utilization of In^O^ 

coatings began in .19705 with the need for substituting Sn02 ; 
by some other trar.sparont electrode in liquid crystal displays. 
Close tolerances ;ln the flatness of the electrodes are essential 
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for liquid crystal displays V'^ich can best be achieved by the 
lovt/ temperature vacuum deposition orocesses like evaporation 
and sputtering. These processes were better established for 
deposition of 1020^ films. Another important factor was that 

etched more easily than Sn 02 which facilitated 
a more economical photoetching pi'ocedure during manufacture 
of digital displays. also a superior transparent 

conductor compared to Sn 02 mainly because of higher mobility. 
Although cheraically loss resistant than Sn02, its chemical 
stability is adequate for many applications. 

The fundamental fiiatorials parameters of In202 are not as 
well established as those of SnOo« This is because InpO^ 
single crystals of quality comparable to the best Sn 02 crystals 
have not been prepared so far [3]. Undoped In 203 films have 
been found to exhibit a direct optical bandgap which lies 
betv/oon 3.5b to 3.75 cV and incre-ascs vath increasing carrier 
concentration [7,61,62]. The native defect responsible for 
n-typo conduction in undopecl films has been identified as 
interstitial indium ions [63J . 

^^2^3 generally poly crystalline with cubic 

structure [7,23]. Roactively sputtered films have a typical 

grain size of about 100 X [7] while films prepared by various 

techniques show a <100> or <111> proforrod orientation [23]. 

Films deposited by various techniques have resulted in mobili” 

2 -I -1 

ties in the range of 10“75 cm V sec , carrier concentration 
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around lO^'^-lO^^crn’**^ and resistivity 10“^ Ohm-cm [l-4]. 

Heat treatment in reducing ambient has been found to improve 
tho conductivity while that in oxidizing ambient decreased 
the conductivity [?]. The optical transmission in the visible 
region is nonorally about 75>< ~ 90^ [23] , while tho refractive 
index is reported to bo between io9 and 2.08 [7,23]. 

The best values obtained for undoped I02O3 so far arc 
mobility - 74 cm^V^^sec”^, resistivity -2xl0”"^ Ohra cm and 
transmittance -90/., Those have been obtained by evaporating 
a mixture of 10203 - 10 wt/ In in an oxygen ambient [9], 
which incidontly are the best values obtained for any undopod 
transparent conductor. 

Sn doped films (ITO films) retain tho cubic structure 

of In203 with slight increase in lattice parameters. These 
films also exhibit a strong <i00> or <111> orientation and 
typically the grain size varies between 400-600 R [64]. Sn 
doped In202 films prepared by various techniques have resulted 

p 1 

in carrier concentration of 10" cm , mobility in the range of 

15-40 em’V soc~ , sheet resistance around 2-5 Ohm/ sq, trans- 

-5 

mission about 90/ and resistivity in tho range of 7x10 ' to 
5x10”"^“' Ohm cm [2]. Lowest reported shoot resistance is 
1,6 Ohm/ sq v/ith transmittance of 13/ [26]. 
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Ti, 

by 


Apart from Sn 
Zr, Sb, Pb anci 
reactive ion pi 


S> 



the other dopants used in 1^200 
[31,49,65] .F doped In2^3 


films are 
prepared 


ing have yielded R , 40 Ohm/s q with 


T SO/. [31]. 


Cadmium St annates CdSnO^) ; Cadmium scannate . 

is generally obtained in two phases, Cd^;SnO^ and CcIShOa. Both 
these phases have orthorhombic structure and are n-t-ypo somicon- 
ductors [3]. Their fundamental properties are mostly unknown 
but both show transparent conductor behaviour. Generally a 
•film of cadmium stannate contains rnultiphasos like CdO, 
Cd2SrO^,and CdSnO^ , but thoir relative amount depend? on 
preparation conditions. The bandgap has been reported to vary 
from 2.06 to 2.85 eV depending on carrier concontra:;ion v/nich 
is governed by deposition conditions [28], 

Cd2SnO^ is very similar to 10902 is oloctrical. optical, 
mechanical, and cheiaical properties, and both of them still have 
the highest reported solar transmission end infrared reflection 
Optimal proportios have boon obtained in films prepared by r.f. 
sputtering in oyygon and subjected to post deposition troatruont 
[66], Shoot resistance of 1 Ohm/sq with transmittance of 35/. 
has been obtained in such films with thickness greater than one 
micron, while thin films of 1000-2000 % have shovm shoot resis- 
tance of about 15 Ohm/cq with transmittance of 07/ [66], 



CdSnO^ is similar to Sn02 in optical and oloctrical 
properties but mechanical and chemical properties are similar 
to Cd 2 SnO^. Highest reported conduc tivityf or CdSnO^ is 
1000 mho cm ^ compared to 6800 mho cm ^ in case of Cd2SnO^[67] . 
The transmission and infrared reflection of CdSnO^ is also 
lower compared to equal thichnoss of Cd 2 SnO^ film. 

Zinc Oxide (ZnO) ; The electrical and optical propertios of 
bulk ZnO have boon studied oxtensivoly and reviewed [63]. Thin 
films of ZnO can be prepared by various techniques and can bo 
doped. Undoped ZnO films retain bulk v/urtzito structure and 
show strong c axis orientation, with grain size in the range of 
50-300 R [2], Bvost undoped ZnO films have been obtained by 
activated reactive evaporatj.on loading to resistivity in the 
range of '10 to 10 ' Ohm cm with transmittance ~ 90/. [l3]. 
Films obtained by CVD, spray pyrolysis, and r.f. magnetron 

~3 

sputtering have resulted in resistivity in the range of 10 to 
10 Ohm cm with transmittance between 00 to 90/'. [2] . Indium 
and aluminium have boon used as dopants for films prepared by 
spray pyrolysis and Indium doped film has resulted in carrier 
concentration of 5x10^ cm”* , mobility of 15 em 'V” soc , 
resistivity around axlO”"^ Ohm cm and transmi ttanco around SO/ 
v;ith sheet rosistanco in the range of 10-15 Ohm/sc^ [2]. 
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2 . 3 EXPERIIvEMTAL DETAILS 

2.3.1 Chemical Vapor Deposition of Sn02 and Sb Doped 
SnO^ Films 

The Chemical Vapor Deposition Setup 

Figure 2.1 illustrates tho exporimontal setup usoc for 
chemical vapor deposition of Sn02 films. It consisted of a 
1000 ram long furnace tube of 45 rant diameter (outer) placed 
inside a 900 rran long resistance heated furnace. Both tho ends 
of tho furnace tube had detachable seals. The inlet seal 
contained one 3 raia diameter thermocouple tube sealed at one 
end, and throe 6 rnrn diameter tubes for gas connections, v;hich 
had their openings approximately 10 mm, 30 rniu and 60 ram away 
from inlet seal into the furnace tube. Each of those three 
tubes was connected to a bubbler used for keeping deionized 
water, Sn source, and Sb source, respectively. Tho bubblers 
used for keeping Sn source and Sb source were immersed in a 
v;ator bath v/hose temperature could be controlled, while doioni™ 
zed wat.',r was kept at room temperature. Tho carrier gas flov/ 
through deionized water could bo controlled from 0-5000 cc/min, 
while that through Sn and Sb sources could bo controlled from 
0-1500 cc/min and 0-40 cc/min, respectively. A chrome 1-alumcl 
thorrnocuplo was inserted through tho thermocouple tube at inlet 
seal, and was placed close to substrate position to raoasuro tho 
temperature during deposition. The exhaust seal contained a 
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a 22 mm diameter tube connected to another container, where 
hot gases could be cooled before being exhausted out of the 
room through a PVC tube connected to main exhaust duct. 

Tho substrates were kept horizontally on the boat, mainly 
to facilitate masking. Thin molybdenum (5 mils thick) masks 
having 2.0 and 3.0 mm diameter were employed to define areas 
of the surface barrier devices, while thin molybdenum strips 
were used to form steps in large area samples to enable thick- 
ness measurements. Exhaust end of the furnace tube was used 
for introducing samples into the furnace. 

Analysed reagent grade SnCl4.5H20» and SbCl^ were used as 
sources for Sn, and Sb (dopant), respectively. Deionized 
water of 12-14 M Ohm-crn was used as oxidizing agent. Nitrogen 
was used as the carrier gas. Polished silicon wafers and 
polished fused silica pieces were used as the substrates. 
Separate reagent transfer spoons wore used for handling Sn I 
and Sb sources. 

All the parts like furnace tube, gas inlet tubes, thermo- ; 
couple tube, exhaust tube, bubblers, exhaust container and 
reagent transfer spoons were thoroughly cleaned using hot j 

solvents initially. These were then etched in diluted KF 
and rinsed in deionized water. The flexible tubes for gas i 

connection at the inlet end and at the exhaust end were 
cleaned with methanol. Though the same furnace was used during 
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all the experiments, different sets of furnace tubes, end 
seals, and other attachements inc3.uding boats, masks otc. 
were used for deposition of undoped and Sb doped Sn02 films. 
These were also replaced periodically to minimize the effect of 
earlier deposits on the film properties. 

Establishm ent of Deposition Para m e ters 

Initial deposition runs wore carried out with a solution 
of SnCl^ .51^20 in deionized water as the source for deposition. 
The solution was made by dissolving 25g SnCl^^ *51320 in 10 CC 
deionized water. Furnace was heated to 400°C with 40 CC/min 
Np flowing through it. The substrates were degreased in warm 
solvents and loaded on a boat making different angles to 
the direction of gas flow. The boat Vi/as placed at the centre 
of the furnace. The solution was heated in the bubbler till it 
started boiling. The carrier gas flow through the solution was 
varied between 250--550 cc/min, and the deposition time was 
varied between i5~40 min. Although a fov/ good films were 
obtained, the films deposited in this manner were nonuniforra 
in thickness and had v;hitish haze. They even had ^^^nitish 
translucent deposits at times. The possible reasons for non- 
uniformity were that the solution concentration and tompo.catur'' 
wore not property controlled. The solution concentration 
varied during the course of deposition which was indicated 
by the change in viscosity of the solution. Tho reason for 
whitish haze or deposit was that reagent vapors were reacting 



in vapor phase before reaching the, substrate due to their 
sufficient preheating, as was observed by Tabata et al. [38]. 
The furnace tube also showed some regions of transparent films 
with bright interference colours, closer to the gas inlet 
end, while the remaining regions showed either no deposit or 
whitish translucent deposit. This confirmed that the 
reaction was taking place before the vapors reached the heated 
substrate. Based on this preliminary investigation, it was 
decided to use separate bubblers for SnCl^ and deionized water, 
control their temperatures separately, place the substrates in 
the region where good films were obtained on the furnace tuba, 
and lov/or the deposition temperature to avoid undesired pre- 
heating of the vapors. 

In subsequent deposition runs to establish the process 
parameters, SnC1^.5H20 was kept in a bubbler \diich was immorsod 
in a water bath with temperature controller. Temperature of 
the water bath v/as measured by a thermometer. SnCl^.SHpO rnelt- 
od around 70°C. After a few trial runs with molten SnCl^ tem- 
perature between 70°C and 98°C, it was decided to keep the 
temperature of water bath at 93°C. This helped in minimizing 
the rate of depletion of water level from the- bath, and at the 
same time developed enough vapor pressure of SnCl^^ to enable 
its transportation into tho furnace in sufficient amount. Do- 
ionizoc’ water bubbler v«/as also kept in hot water bath during 
a few initial deposition runs, but vi/as later on maintained at 



room temperature (23°C) . The furnace was heated to 400°C 
with iN^ gas bubbling through deionized water at a rate of 
50 cc/min in case of bubbler kept at 93°C, or 1250 cc/min 
in case of bubbler kept at 23*^0. A 100 mm long glass rod of 
8 mm diameter, degreased in warm solvents, etched in HF, and 
rinsed in deionized water, v/as introduced into the furnace. 
The deposition was carried out with Np gas flow rate through 
molten SnCl^ as 550 cc/min. Deposition 'time was 60 rnin. Faint 
fumes were observed in the exhaust chamber throughout deposi™ 
tion. The glass rod showed film with bright interference 
colours in certain regions closer to gas inlot end. The 
temperature at various places in the furnace v/as ‘measured with 
the help of the^rmocouple . It was observed that good films 
were deposited in the region having temperature between 
275-375°C. The experiment was repeated many ‘times and the 
outcome was reproducible. A few deposition runs were then 
made using silica substrates kept on a boat in the above- 
‘fiientioned temperature region. Good transparent conducting 
films 'wore deposited each time on ‘the substrates. The incli- 
nation of the substrates, and marginal changes in gas flow 
rates through molten SnCl^ and deionized water did not affect 
the film quality appreciably. Finally it was decided to 
establish tho typical deposition parameters as follows : 
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Substrate position - 16 cm from SnCl^ vapor entry point in 

the furnace 

Substrate temperature - 300°C 

# 

Substrate inclination - horizontally flat, essentially to 

facilitate masking 
Temperature of molten SnCl^ - 93°C 
Temperature of deionized water - 23°C 
N 2 bubbling rate through molten SnCl^ -- 550 cc/min 
I'lp bubbling rate through deionized water -- 1250 cc/min 
Deposition time -- 60 min 

Doping vjlth Sb was tried with SbCl^ kept in another bubbler 
and maintained at 93°C. The gas flow rate through molten 
SbCl^ was varied between 0 ~ 40 cc/min, while other deposition : 
conditions remained same as mentioned above. This yielded good 
quality Sb-doped SnO^ films. 

Dep ositio n of S n02 fj.^lms 

Sn 02 films for electrical and structural characterization ! 
were deposited mainly on silicon substrates. Polished fused | 
silica substrates were used for optical characterization. 

The substrates were degreased in warm trichloroethylene, 
in warm acetone, ultrasonically cleaned in acetone and finally; 
degreased in warm methanol. Subsequently the substrates were 
etched in HF and rinsed in deionized water having a resistivity 
of 12-14 M Ohm cm. Two sets of fused silica boats and 
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molybdenum masks (one set each for undoped and Sb doped films) 
were also degreased in above mentioned manner. The boats were 
also etched in HF and rinsed in deionized water. 

Fresh charges of deionized water, SnCl4.5H20, and SbCl^ 
(whenever doping was needed) were used during each deposition 
runs. Separate sets of furnace tube, attachments, boat, and 
masks were used for undoped and Sb Sn02 film deposition as 
mentioned earlier. 

The furnace was brought to the required temperature v;ith 
only flowing through deionized water. Via ter bath 

temperature was raised to 93°C and was controlled. The sub- 
strates wore loaded horizontally on the boat with appropriate 
masks (if any), and placed in the furnace tube at about 16 cm 
from SnCl^ vapor entry point. The substrate temperature was 
held at about 300°C and monitored with the help of thermocouple. 
N 2 flow rates through SnCl^, SbCl^ and deionized water wore 
adjusted as standardized and mentioned earlier. Flow of Mp 
through SnCl^^ and SbCl 3 bubblers were activated only after 
positioning the substrates at proper place, and sealing the 
furnace tube with exhaust seal. The inlet gas connections were 
such that ^2 bubbling through deionized water, SnCl^, and SbCl^ 
was introduced into the furnace at about 10 mm, 30 mm, and 
60 mm away from the inlet seal, respectively. Faint fumes were 
observed in the exhaust chamber throughout the deposition which 
was an indication that deposition at uniform rate was in 
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progress. The amount of fumes observed was more during 
deposition of Sb-?doped films. Molybdenum strips were used 
as masks to form steps in the films deposited in case of 
samples made for sheet resistivity and subsequent thickness 
measurements. The samples for optical, X-ray, and transmi- 
ssion electron microscopic investigations had no step in 
the film. 


2.3.2 Electron Beam Deposition of Sn doped 1^202 Films 
The Evaporation Setup 

Electron beam evaporation of Sn doped In 203 V\/as carried 

out in Varian Model 112B ultrahigb vacuum system with 12 inch 

diameter boll jar. This vacuum system employs two liquid 

nitrogen cooled sorption pumps as the roughing pumps to 

evaluate the chamber from atmospheric pressure to less than 
—3 

1x10 torr pressure. The system is pumped v/ith one sorption 
pump upto about 1-2 torr pressure which is then sealed and 

the other sorption pump is activated to bring down the 

—3 

pressure to loss than 1x10 torr pressure. The system is 

evaluated further with tlie help of triode ion pumps which, 

together with titanium subliL.ation pump fitted in the system, 

can bring down system pressure to about 2x10“^^ torr, if 

stainless steel chamber is used and adequate baking carried 

-9 

out. With a glass bolljar, pressure up to about 2x10 torr 

“7 

could be obtained, though pressure upto 1x10 torr could bo 
obtained easily in a reasonably short time (approximately 
40 min). A liquid nitrogen cooled cryopanel is e aployed to 
cool the surface around titanium sublimation; pump \Mhich 



improves the pumping rate. Chamber pressure from 1.0 to 
-3 

1x10 torr is read by thermocouple gauge Vi/hile dual filament 
ionization gauge roads chamber pressure from 10 torr to 
2x10 torr. The triode ion pumps also give pressure in the 
puhip region since the current in ion pumps depends on the gas 
pressure. The triode ion pump control unit has provision for 
measuring the pressure or the current. A pressure interlock is 
provided in triode ion purap control unit v/hich' switches off if 
pressure exceeds 1x10 torr. 

The evaporation source employed was Vari^n Three Crucible 
2 ktfi E-Gun and tlvc' povjer was controlled, with the help of E-Gun 
Source Control Unit, The csloctron gun control unit is cu.rrGnt 
regulated and minor changes in line voltages do not affect 
the beam power. The line voltage to the vacuum system and o-gun 
control unit was rogulatod with tho help of a voltage regulator. 
The e--gun contains a tungsten filamont as the electron source. The 
electrons are confined to a narrov; beam' and directed towards 
thvo target vaith the help of magnetic focussing. Single fi. la- 
ment is used ns the electron source while the position of 
cruci’Dle can bo changed from outside to b.ring the desired 
crucible to electron patfi. The beam voltage is 4 Ic'V and the 
beam current can be varied frem 0-500 roA. Maximum power of 
o-gun source is 2 kW, The? tungsten fi. lament is fod with a 
voltage? in tho range of 0-6V ac resulting in 0-25A current 
through filam.^nt. The crucible is coolod with tho help of 
recirculating chilled water flw;ing at a rate of about 
1.9 litres/vnin. The e-gun source operates in a pressure 
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range* of 5x10 ^ torr -■ 10 torr and a pressure interlock 
switches the G--gun pov;er supply off if tho charaber pressure 

-4 

exceeds about 1x10 torr pressure, ivlaximum volume of ova- 
porant that can be charged in one crucible is 1.1 cc. The 
position of crucible can be moved to uniformly evaporate the 
evaporant from all regions avoiding excess evaporation from 
one region, which might result in a hole drilled in evaporant 
at that place. Tho emission current is displayed on a 
0-500 mA ammeter on the source control unit and the beam power 
can bo found by multiplying the output voltage of 4ICV dc to 
omission current. Tho sourco control unit has a provision for 
setting an upper limit to oraission current and the e-gun supply 
is switched off as soon as the upper limit is crossed. A hand 
hold po tentionio t'_'r can be used as rornoto control to adjust 
G-boam power. 

Tho arrangement for substrate ’.counting inside tho 
vacuum chaiAbor is shown in Figure 2,2. A stainless steel 
substrate plate is mounted on a tripot stand in the charaber 
so that the distance between tho sourco and tho substrate is 
about 17 era. Tho substrate plate has suitable grooves to hold 
substrate holders. Tho substrate holders are iriado of copper 
to enable proper heating of tho substrate. The substrates are 
kept on suitable thin copper masks in side the grooves made in 
substrate holder to avoid their displacement during evaporation 
Copper discs are kept on the* substrates to enable their uniform 
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heating. The substrates can be heated with the help of a 
resistance heated filament placed cJ.ose to the back side of 
the substrates. A stainless steel radiation shield is kept 
close to the filament to achieve more effective heating of 
substrate, and to avoid heating of other parts including 
glass belljar. A chromel-alumel thermocouple is fixed to the 
substrate holder to monitor the substrate temperature. A 
stainless steel shutter fixed to a rotary motion feed through 
is employed to mask the substrates from deposition of material 
when ever not desired. 

pepos iti on o,f ...Fi.lm 

Silicon wafers and polished fused silica substrates were 
used for deposition of Sb doped In^O^ films by e-beam evapora- 
tion. The substrates v^?ere degreased and etched in the same 
way as discussed earlier for chemical vapor deposition of SnO^ 
films. Hot pressed In202!Sn02 (91:9 mole percent) tablets 
from Atomergic Corp., USA were used as the evaporant. Those 
tablets were degreased in warm solvents and loaded on the 
e-gun crucible. All the attachments inside the vacuum 
chamber, like shutter, substrate plate, heating filament, 
inasks, substrate holders etc. were thoroughly degreased in 
warm solvent before introducing into the chamber. The 
substrates wore kept on suitable masks inside substrate holder 
groves and the substrate holders were mounted on the substrate 
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plate at desired locations. The shutter was brought between 
the source and the substrate. The system was evacuated to a 

—7 

pressure less than 1x10 torr. Chilled water was recirculated 
through the e-gun crucible. The cryopanel v;as chilled with 
liquid nitrogen, if desired. The substrates were heated to 
desired tempera tu^re and the temperature was monitored with 
the help of thermocouple and digital multimeter. The sub- 
strate temperature v^as allowed to stabilise bicfore deposition 
was caDrried out. The electron beam power was increased slowly 
till significant evaporation began. Hand hold potentionietor 
was employed for adjusting e-boam power. After initial heating 
and evaporation from evaporant, the shutter v;as moved to allow 
deposition on substrates through mask. The evaporation was 
carried out cither in residual gas atmosphere or in oxygen 
partial pressure. Oxygen was introduced in the chamber in a 

controlled way through a finely adjustable leak value, if 

-5 

desired. Typical oxygon partial pressure, was 1x10 torr. 

Typical deposition time was 60 min and the pressure during 

— '13 

deposition was around 1x10 torr. The substrat iS were 
generally kept at 300°C temperature, though some depositions 
wore carried out with substrates kept at room temperature. 

P o s t ,Dpp p s i t ion ^ . An ne a 1 i n q of^ JyiJLms. 

The deposited films were subjoctod to various post- 
deposition annealings to evaluate their effect on film proper- 
ties. The annealings were carried out in vacuum, in residual 
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air, in oxygen partial pressure, and in hydrogen partial 
pressure. Annealings were also carried out in standard tube 
furnace in inert, oxidizing, and reducing atmosphere. The 
annealing temperatures varied from 300--550°C and the dura- 
tions varied from 30 min to 60 min, though the same sample 
was subjected to many annealing cycles. 

2.3.3 Characterization of Sn02 Films 

Ele ctrical Characteriz atipn 

The sheet resistance of Sn02 films deposited on polished 
fused silica and silicon substrates wore measured using 
Keithley Model 530 Type All System. Four point probe measure- 
ment method with appropriate correction factor for the size 
of the sample was used for this purpose [69]. The sheet 
resistance R , is given by : 

R . = 4.53 V F (2.3) 

sh 1 

where V is the voltage developed across inner probes, v;hile I 
is the current flowing through outer probes. F is the corre- 
ction factor for sample size. 

The conductivity type was measured using hot and cold 
probe method. The thickness of" tlie' film having _a_.step was_ 
measured^ u_sing Varian R-scope interferometer. Initially 

aluminum was evaporated ..on on d sample to get a reflecting 

surface in the region where step is formed on the sample. 
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Though aluminum film on bare substrate had very good refle- 
ctance, it had poor reflectance on SnO^ film making it unsui- 
table for thiclcness measurement by interferometer. Later silver 
and gold films were tried for this purpose. Though both of 
them gave good reflectance on SnO^^ film as well as on bare 
substrate, silver had better reflectance on SnOo film and 

.s'- • 

hence was used on .all the films for this purpose. The filra 
thickness, t, using intorf oroirioter is given by : 


t 


_ fg£in.ge__ ,p;ff sot 
I'rTnge*' spacing 


X /2 , 


(2.4) 


whore X is the wavelength of tfe light source used. In 
•Varian R-scope intorferoviotor, tho light source is sodium lamp 
and hence X -- 5992 R. 


Tho voluivio resistivity of tlio film was calculated using 

■iquation (2.1), i..e., P = R , .t . 

S Cl 

Opt ical p h a_r ajcJt.jer^^^ 

Avarage visible light transmission moasurornont was used as 
a rough estiraato for transmission of undopod SnO^ films depo- 
s it od on glass substrates. A calibrated standard solar cell 
was used as the light sensor, a tungsten bulb was usocl as the 
light source. The short-circuit current of the solar coll was 
measured v/ith a bare substrate covering its surface. Tho 
roferoncG substrata was similar to the one used for film depo- 
sition. Care \Nas taken to ensure that no light reached the 



57 


where A and B are constants, and hv is the energy of inci- 
dent radiation, ilhsn hv = E^,, then = 0. Equation (2,6) 
shows ’that a plot of (c;^ )l/B YiV should be a straight 

line, v;ith intercept at oc^ = 0 giving the bandgap of the 
material. Coiabining Equations (2.5b) and (2.6), we find that 
if [ ln( 1/T^) ] for any film is plotted as a function of 
incident energy, the intercept at ln(l/T^) = 0 will give 
band gap. B has to be calculated by trial and error so that a 
straight lino is obtained. B has a value of l/2 for direct 
transition and 3/2 for indirect transition [70] . For some 
cases it has also boon found to give a value of 1 or 2. 

S tr uc^tural C];\ ajr ar t eje i z a t i o_n 

Identification of various phases of tin oxide and anti- 
mony oxide (if any) in the SnOp films deposited on large area 
silicon substrates was done by X~ray diffraction analysis. A 
Rich Seifert Isodebyeflex 2002 X-ray diffractometer was used 
for this purpose. CuK^, radiation ( X = 1.54 X) was employed 
and tiio magnitude of diffraction peaks and angle of incidence 
(0) wore recorded. The ’d' values corresponding to various 
peaks wore calculated using Braggs relation 2dsin0 = nX . The 
calculated 'd’ values were matched with standard ‘d’ values 
from the literature [7l] to identify the phase giving rise to 
the particular peak. 
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Tin oxide films deposited on silicon substrates were also 
examined under a Philips Elvl 301 transmission electron micro- 
scope for this purpose. Sn 02 layers were stripped from the 
silicon substrate by etching the substrate in a mixture of HF 
and HNO^ followed by decanting of the unetched film in 
deionized water. These films were then supported on copper 
grids. Electron micrographs as well as electron diffraction 
patterns were recorded on photographic platos. The micro- 
graphs wore used to calculate the average grain size in the 
film while the diffraction pattern indicated the crystallinity 
of the film. 


2.3.4 Characterization of In202 Films 

Detailed characterization of o--boam deposited In20^ films 
has not been carried out. The shoot resistance of aS"depositod 
and annealed films have boon measured. Visual inspection of 
transmittance of films deposited on fused silica substrates, 
and reflectance and brightness of intorforonco colours of 
films deposited on silicon substrates, have been used as guide- 
lines for assessing the suitability of films for fabricating 
surface barrier devices. 


2.4 RESULTS AND DISCUSSION 

2.4.1 Properties of Chemical Vapor Deposited Sn02 Films 

£ f f e c t_^^ of Depp s ijb .ipn^ Par a mete rs i Initial trial deposition 

runs for undoped SnO^ films wore carried out with SnCl^^ and H 2 O 
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sources kept at 93*^C, and N 2 flow rates through them being 
550 cc/min and 50 cc/min respectively. Initial Sn02 films 
deposited on inclined substrates had nonuniform thickness 
which resulted in different interference colours on the same 
substrate. This probably was an indication of a large 
temperature gradient in the furnace tube along its radius. 

The interference colours j in case of films deposited on 
substrates kept horizontally on the boat, wore uniform. 

Though different samples with different positions on the 
boat showed different interference colours, each substrate 
had uniform colour indicating uniform thickness over the 
whole area of the substrate, ivloreovor, raasking of horizon- 
tally placed substrates was found easier, and hence the 
substrates were kept horizontally on the boad during sub- 
sequent depositions. Another feature observed was that the 
fil:as deposited on substrates at temperatures around 300°C 
resulted in lower sheet resistance compared to films depo- 
sited at higher temperatures. The geometry of the deposition 
setup, rather than the substrate temperature, was probably 
responsible for this feature. The possible reason for this 
feature was that most of the reacting species had reacted 
earlier and deposited files on furnace tube before reaching 
the substrates. This was also supported by tho fact that 
films deposited at higher temperatures had some hazy 
appearance while films deposited at about 300°C had bright 
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interforonce colours and good transparency. Undoped Sn02 
films deposited during trial runs resulted in sheet resistance 
in the range of 450--700 Ohm/sq for film thickness in the range 
of 900°-1400 R. The deposition rate was found to vary betv;een 
16“25 R/min. The resistivity of these films varied in the 

—3 

range of (5--7)xlO Ohm-*cm, and average transmittance ymeasured 
with the help of a solar coll and tungsten lamp source, v/as 
found to bo in the range of 85-90>^. 

Subsequently, during final deposition of undoped and Sb 
doped samples, SbCl^ source was kept at 93^C and flow was 
varied between 0-40 cc/rain, while H^O source was kept at 23^C 
and N 2 flow was kept at 1250 cc/min. Table 2.1 susiimarisos 
important deposition parameters and electrical properties of 
undoped as well as Sb doped SnO,^ films deposited on silica 
and silicon substrates, undoped Sn 02 films deposited with 
water source at 23°C resulted in sheet resistance of 
215--270 Ohm/sq compared to 450-700 Ohm/sq obtained for films 
deposited for about the same time with water source at 93°C, 

It was also found that increasing H 2 flo’w through SnCl^ (93^0) 
and H 2 O (23°C) to about tvjice the flow rates used during most 
deposition runs did not seem to alter the deposition rates or 
film properties appreciably. This can be seen from the proper- 
ties of a fev/ Sb doped films deposited with incroas-od 
rates (cf. Table 2.1, samples CNT 11, CNT 12, GST 7, CST 8). 
Higher deposition rates at the same deposition temperature may 
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Table 2.1 ; Suanary of important deposition parameters and 
electrical properties of Sn 02 f^ilms prepared by 
chemical vapor deposition 


SI. Samolc 
No. Mo. 

Subs . 

To - IP 

( '^c) 

Dep. 

time 

(min) 

Np f low 
through 
SbCl3 
( cc/min) 

R-c h 

( 6hm/ 
sq) 

t 

(R) 

P Dep . 

(Ohm- Rate 

(R/min) 

1 2 

3 

4 

5 

6 

7 

8 

9 

1 . GMT 0 

310 

45 

.. 

250 


... 


2 . CNT 1 

300 

50 

- 

215 

- 



3 , Ciir 2 

300 

50 


270 

-- 



4. CUT 4 

300 

60 

40 

44 


- 

. 

5. CMT 5 

300 

60 

14 

100 



L 

6. CST 1 

315 

60 

40 

185 



' ^ 

7 . CNT 8 

315 

120 

- 

98 

3000 

2.9x10'"^ 

25 

3. CMOT 11 

300 

60 

40 

210 

535 

1.1x10“*^ 

9 

9 . CMOT 12 

300 

60 

28 

300 




10. CNOT 13 

300 

60 

40 

185 

720 

1.3x10“^ 

12 

11. CST 2 

313 

60 

40 

185 




12. CMOT 14 

300 

60 

28 

190 

830 

1,6x10 ^ 

14 

13. CST 3 

315 

60 

20 

175 




14. CMOT 16 

30C 

60 

28 

270 

^20 

1,7x10"'^ 

10 

15. CMOT 17 

300 

60 

13 

185 

- 



16. CST 4 

315 

60 

18 

150 


- 


17. CMOT 10 

3(30 

60 

11 

95 

1340 

1.7x10“^ 

31 

13. CST 5 

315 

60 

11 

60 

— 


— 


c ontd 


• « <» 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

19. 

CNOT 19 

300 

60 

11 

60 

1430 

s.exio""^ 

24 

20. 

CWOT 20 

300 

60 

11 

75 

- 


~ 

21. 

CNOT 21 

300 

60 

6 

160 




22. 

CNOT 22 

300 

60 

6 

175 

1630 

2.8x10"^ 

27 

23. 

CNOT 23 

300 

60 

40 

160 

1310 

2,1x10“^ 

22 

24 . 

CMOT 24 

300 

60 

40 

205 

“ 

• 


25. 

CNOT 25 

300 

60 

». 

180 

_ 

- 


CM 

C3T 6 

315 

60 


135 


- 

" 

27. 

CNOT 26 

300 

60 

11 

265 

980 

2.6x10'“'^ 

16 

28. 

CNOT 27 

300 

100 

11 

210 

1200 

2.5x10"*^ 

^-3 

12 ; 

29. 

CNOT 28 

315 

140 

11 

225 

1850 

4.1x10 

13 ; 

30. 

CNOT 29 

315 

180 

11 

130 

2495 

S.SxlO"^ 

14 

31. 

CNOT 31 

300 

60 

6 

310 

580 

1.8x10“^ 

10 1 

32 . 

CNOT 33 

300 

60 

18 

175 

1085 

1.9x10“^ 

18 1 

33. 

CNOT 34 

300 

60 

23 

175 

860 

1.5x10'"^ 

14 

34 . 

CNOT 35 

300 

60 

40 

120 

1300 

1,6x10“^ 

22; 

35. 

CNOT 36 

300 

120 

40 

140 

1480 

2.1x10“^ 

121 

36. 

Ct-IGT 37 

300 

180 

40 

95 

2120 

2.0xl0"‘^ 

12 
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1 

1 »H 

2 


3 

4 

5 

6 

7 

8 

9 

* 

37 . 

CNT 

11 

315 

60 

11 

120 

1225 

1.5x10"^ 

20 

* 

38. 

CNT 

12 

315 

60 

18 

335 

1050 

3.5x10"^ 

18 

39. 

CST 

7 

315 

60 

40 

290 

.. 

- 

- 

* 

40, 

CST 

8 

315 

60 

34 

205 

mm 

— 

M. 


Note ; i) The temperatures of SnCl^^ and SbCl 3 sources were 93°C, 
v;hile that of H 2 O source was 23*^0. 

ii) N 2 flow rate through SnCl 4 was 550 cc/min, and through 
HoO was 1250 cc/min, for samples at SI. Nos. 1-36. In 
case of samples at Si. Nos. 37-40 (marked with astrix), 
N 2 flow through SnCl 4 and H 2 O was doubled compared 
with other samples. 
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prcobably bG achiovod by increasing source temperature to 
enable higher concentration of reacting species to roach the 
substrate. Table 2,1 also indicates that though Sb doping 
helped in reducing electrical resistivity of SnO^ films, the 
film properties showed no particular trend with 1^2 f’low rate 
through SbCl^ source. This indicated that the amount of Sb 
incorporated in the film was not dependent on the amount 
transported by carrier gas, but probably was about the sane 
fur all the films dopositod at about 300°C- Another proba- 
bility was that the deposits on the furnace tube might have 
acted as source for dopant, since the films dopositod on two 
samples, C^JCT25 and CST6 (of. Table 2.1), with no Mp flowing 
through SbCl-^ rc'Suitod in about the same sheet resistance 
as obtained in case of Sb doped films. Very high flov; rate 
of H 2 through SbCl^ (> ISO cc/min) rosultod in films with 
considerably reduced transmittance. Separate sets of furnae 
tube, attachments, boat and masks, etc. were therefore used 
during deposition of undopod and Sb doped films, to avoid 
unintentional doping of undoped films. Samples ONTO, CMTl, 
CMT2, CI'JTS and a few hotoro junctions woro prepared by 
avoj.ding unintentional doping. The deposition rates of Sb 
doped films woro about the same as those of undopod films, i: 
th • range of 10-30 R/min (cf. Table 2.1). These deposition! 
rates wore smaller than usual growth rates observed in hyclr< 
lytic processes omployod for deposition of Sn 02 films for 
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unsophisticatod commercial applications. However, those depo- 
sition rates are comparable with growth rates obtained in caso 
of sputtering and may bo adequate for optoelectronic applica- 
tions requiring highly transparent and conducting films of 
about 2000 R. The deposition tomporaturo of 300°C employed in 
sample fabrication is lov/or compared with those gonorally used 
in hydrolytic processes and may bo an added advantage in fabri- 
cation of optoelectronic devices. 

c t ri_cyd Pji>p.ej: t io.s_ 

The electrical properties of undopod and Sb-dopod Sn02 

films deposited by chemical vapor deposition are shown in 

Table 2.1. All the films showed n-typo conductivity by hot and 

cold pro’vi technique. Undoped SnO,, films deposited for about 

50 min. on polished n--typo silicon substrates resulted in 

shvot resistance of 215-270 Ohm/sq. Those films had estimated 

thickness of about 1000 il. Resistivity of a 3000 % thick 

undopod SnOp filra, sample CNT8, deposited for 120 min., was 

—3 

found to bo 2.9x10 Ohm. cm. ?\/lost of Sb--doped Sn02 films had 

shec.-t resistance in the range of 100-300 Ohm/sq. The lowest 
value of slieot resistance obtained for such films vjas 44 Ohm/sq. 
(of. Table 2.1). The largo variation in shoot resistance was 
due to a large variation in film thickness deposited under 
apparently similar conditions. This was probably duo to uncon- 
trollable variation in substrate torapexaturo during different 
runs. The tomperaturo of the furnace varied rapidly '.In .-the" ' 
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region where deposition was carried out. The position of 
boat in the furnace tube, and the position of substrates on 
the boat, could not be controlled very precisely, and the 
substrate temperature variation could have been within 
:t A properly designed reaction chamber would overcome 

this problem. The resistivity of most of the Sb doped SnOp 
films were, however, in a narrow range of (l,0-2.0)xl0 Ohru-cra. 
IJndoped SnO^ films also showed a narrow resistivity range. 

This implies that, though the film thickness was not well 
controlled because of above mentioned reasons, the film 
resistivity was well controlled. The lowest value of resisti-” 
vity in case of Sb doped SnO^ film was S.bxlO”"^ Ohm-cm for a 
1430 % thick film having a sheet resistance of 60 Ohm/sq. A 
few sample's gave higlier values of resistivity in the range 
of (2.0--4,0) xlO”"* Ohm™cm, which incidentally had longer depo- 
sition time and lower flow of N-p through SbCl^. h trend worth 
montionincj, though not very significant, was that deposition 
for longer than 60 min duration resulted in slightly higher 
film resistivity compared to that deposited for 60 min. during 
the same run. This can be seen from Table 2.1 which gives t-wo 
sucii sots of samples naiaely CNOT 26~29 and CMOT 35-37. This 
might ’)e related to the effect of prolonged heat treatment of 
Lho fll:.i in oxidizing ambient during deposition. Comparison of 
resistivity data of undoped and Sb doped Sn02 films from 
Tables 2,1 reveals that though Sb doping reduced the resistivity 
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of the filui, the difference was not large . Probably a sub- 
strate temperature of about 300°C does not incorporate suffi- 
cient Sb ions in tlie film to bring dovm the resistivity 
appreciably. Still, the resistivities obtained for both un- 
dopect and Sb doped Sn02 films, are very encouraging and amongst 
lowest reported in literature for films prepared by hydrolysis 
[17,36,39,41,46,47,60,72-83] . 

.Qi-l'y rjti e s„ J, 

The average transmission for undoped Sn02 films deposited 
during initial trial runs was found to be in the range of 
8D-9Q/< for visible light. After deposition parameters were 
adjusted, Sb doped Sn02 filras were deposited on polished 
fused silica substrates. All the films on fused silica 
substrates, samples CST 1-8, showed very high transmittance. 
Optical transmission of tv./o such samples, CST 1 and CST 3, 
measured as a function of incident wavelength using Cary 17 D 
spectrophotometer, are shown in Figures 2.3(a) and, 2.3(b) res™ 
DGctivoly. The films shov^/ed absorption in ultraviolet region 
and exhibited more than 90 / transmission in visible and near 
inf'rared rogion. Such a high transmission for Sb doped SnO^ 
films prepared by hydrolysis and having sheet resistance value 
of less than 200 Ohm/sq has been reported only by a few invest! 
gators [41,46,78,80]. The optical bandgap has been determined 
from absorption characteristics of these films in ultraviolet 
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region as discussed in Section 2.3.3. Figure 2.4 shows the 
plots of (cxt)^^® vs hr , for samples CST 1 and CST 3, which 
Gliov; straight lines for both cases with B = 3/2 with the 
intercept at c = o giving the optical bandgap . Both the 
samples gave an optical bandgap of 3.97 oV which matches 
well v/ith the reported value of 4.10 eV obtained for 3b 
doped SnOrj films prepared by spray h/drolysis [7b], Undoped 
SnOo filriis prepared by spray hydrolysis have been reported 
with bandgap of 3.70 oV [l7] and antimony doping has been 
found to increase the bandgap of Sn02 films [47]. Though 
various investigators have reported direct optical bandgap 
of 3.70-4.30 oV for SnO^ films prepared by different techniques 
[2,17,75], energy band investigations [58,59] show the possi- 
bility of ■:)oth direct and indirect optical transitions. The 
v d.ue of D = 3/2 obtained under present investigation indicates 
the ."lost probable absorption by indirect transition. 

3 ''c ru c t u :r a 1 Q ha r a c t e r i j. a t i o n ; _ 

Tables 2.2 - 2.5 summarise X-ray diffraction data for 
un‘’ope'd saraple CUT 2 and 3b doped samples CN0T15, CN0T20, and 
Ci]0T21, respectively. X-ray data unfortunately cannot be used 
for very accurate idontif ication of various phases in thin 
films. Since those oxides are nonstoichiomotric and contain 
dopant which is likely to bo Incorporated as a substitutional 
impurity, very good matching of d values from the standard 
data cannot be expected. Relative intensities also cannot be 
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2.:? X-r.iy fraction data for undoped SnOp sample CMT 2 

( f: interforenco colours, sample annealed in at 

30CX‘'-; for 60 min) - 


tt;<n?.rveti Peaks Identified phase using standard 

X-ray data for powder sample [71] 


(‘■*) 

I. 

(;di) 

l/l^ 

d 

(?0 

Material 

d 

(R) 

I/It 

std. 

(hkl) 


• 1 V . ’ 

16 

3.147 

Si 

3.138 

100 

(111) 

31 .'.h 

i' » 

63 

2.B36 

SnO(O) 

2.86 

20 

(020) 

32 .du 

46 

IB 

2.763 

SnO(O) 

2.78 

40 

(004) 

34 .ut) 

lUw 

41 

2.636 

SnOg 

2.644 

81 

(101) 

36.1 4 

246 

100 

2.492 

SnO(O) 

2.50 

30 

(200) 

47.31 


22 

1.921 

Si 

1.920 

60 

(220) 

hi .n.l 

g’. 

30 

1.765 

Sn02 

1.765 

63 

(211) 

06 . 1'j 

lOh 

43 

1.632 

Si 

1.638 

35 

(311) 

62 

YU 

20 

1.483 

SnO^ 

1.498 

13 

(310) 

6f .iX. 

■]'.> 

13 

1.414 

Sn02 

1.415 

15 

(301) 

(.7 . 74 

6C,j 

24 

1.333 

SnO(O) 

1.393 

20 

(008), (042) 

67; . ■ ; 

?7 

12 

1.363 

Si 

1.357 

8 

(400) 
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Table 2,3 ^ X-ray diffraction data for Sb doped Sn02 sample CNOT 15 
(Bright interference colours) 


SI. 

No. 


Observed Peaks 

Identified pha 
X-ray data for 

se using 
powder 

standard_ 
sample [71, 


20 

(°) 

I 

(AU 

I/I^ 

d 

(0 

Mater i, si 

d 

(R) 

I/I^ 

s td. 

(hkl) 

1. 

23.28 

60 

1.0 

3.155 

Si 

3.138 

100 

(111) 

2. 

31.50 

157 

2.6 

2.841 

SnO(O) 

2.86 

20 

(020) 

3. 

34.16 

84 

1.4 

2.625 

Sn02 

2.644 

81 

(101) 

4. 

36.00 

210 

3.4 

2.495 

SnO(O) 

2,50 

30 

(200) 

5. 

47.26 

46 

0.8 

1.922 

Si . 

1.920 

60 

(220) 

6 . ' 

'47.66 

172 

2.8 

1.908 

SnO(O) 

1.888 

20 

(220) 

7. 

54. 56 

300 

6.2 

1.682 

SnO(O) 

1.681 

30 

(223) 

8 . 

55.42 

131 

2.1 

1.658 

SnO(O) 

1.662 

20 

(116) 

9. 

56.32 

900 

14.6 

1,634 

Si 

1.638 

35 

(311) 1 

10. 

57.28 

94 

1.5 

1.507 

SnO(O) 

1.610 

20 

(133) 1 

11. 

61.70 

6170 

100 

1,503 

SnO^ 

1,498 

13 

(310) 

12. 

65.83 

2134 

34.6 

1.419 

SnOp 

1.415 

15 

(301) 

13. 

66.40 

154 

2,5 

1,408 

SnO(O) 

1.393 

20 (008), (042) 

14. 

69.00 

Very 

High 

>100 

1.361 

Si 

1.357 

8 

(400) ! 
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Table 2.4 ; X-ray diffraction data for Sb doped Sn02 sarapie CNOT 20. 
(Hazy film) 


SI. Observed Peaks 

No. 



20 

I 

I/Il 

d 


( 0 ) 

(AU) 

(?.) 

1. 

25.42 

53 

23 

3.505 

21 

28.26 

204 

90 

,i.-' 

3.157 

3. 

31.43 

164 

72 

2.842 

4 m 

32 . 36 

52 

23 

2.766 

5. 

34.16 

106 

47 

2.626 

6 • 

36.00 

223 

100 

2.495 

7. 

47.29 

66 

29 

1.922 

8. 

50.50 

23 

iO 

1.807 


51.78 

63 


1.766 

10. 

56.38 

113 

50 

1.632 

11. 

62.66 

73 

32 

1.483 

12, 

66.06 

30 

13 

1.414 

13, 

67.74 

66 

29 

1 . 383 

14. 

69,00 

51 

21 

1.361 


Identified 

phase using 

standard X»- 

•ray data 

for powdei 

sample [7l] 



Ma to rial 

d 

I/Il 

(hkl) 



std . 


SnO(O) 

3.50 

30 

(111) 

3404 

3.452 

35 

-- 

Si 

3.138 

100 

(111) 

SnO(O) 

2.86 

20 

(020) 

SnO(O) 

2.73 

40 

(004) 

SnO^ 

2.644 

81 

(101) : 

SnO(O) 

2.50 

30 

(200) : 

Si 

1.920 

60 

(220) : 


1,301 

8 

- 

SnO^ 

1.765 

63 

(211) : 

Si 

1.638 

35 

(311) : 

SbgOg 

1.488 

10 

(444) 

Sn02 

1.415 

15 

(301) : 

SnO(O) 

1.393 

20 

(008) ,(041 

Si 

1.357 

8 

(400) 
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Table 2.5 s X-ray diffraction data for Sb doped SnOrp sample 
Cb'OT 21 (Bright interference colours) 


SI. 

No. 

Observed 

Peaks 


Identified 
X-ray data 
[71] 

phase using standard 
for powder sample 


20 
{ o) 

I 

(AU) 

i/ii 

d 

{.?) 

Material 

d 

(K) 

I/Il 
std . 

(hkl) 

1. 

31.40 

148 

42 

2 .849 

SnO(O) 

2.36 

20 

(020) 

2. 

32.30 

40 

11 

2.771 

SnO(O) 

2.78 

40 

(040) 

3. 

34.12 

95 

27 

2.628 

SnOp 

2.644 

81 

( 101) 

4. 

35.92 

215 

61 

2 . 500 

SnO(O) 

2.50 

30 

(200) 

5. 

38.02 

35 

10 

2.367 

Sb^pO^ 

2.365 

4 

(331) 

6 . 

47,23 

54 

15 

1.924 

Si 

1.920 

60 

(220) 

7. 

51.72 

38 

11 

1.767 

SnOp 

1.765 

63 

(211) 

8. 

56.31 

95 

27 

1.634 

Si 

1.638 

35 

(311) ; 

9. 

61.61 

352 

100 

1.505 

SnO^ 

1.498 

13 

(310) 

10. 

62.60 

58 

16 

1.484 

SbpO^ 

1.488 

10 

(444) 

• — 1 

65.83 

225 

64 

1.419 

SnOp 

1 . 415 

15 

(301) ; 

12. 

67,71 

45 

13 

1.384 

SnO(O) 

1.393 

20( (003)^042 

13. 

69.08 

Very 

High 

>100 

1.360 

Si 

1.357 

8 

( 400) 


used as a guideline in case of thin films with strong possi- 
bility of preferred orientation. At times more than one phase 
show d values close to those obtained from X-ray diffraction 
and the investigator has to use his own judgement regarding 
most probable phase. Wo have considered the phases already 
identified through other peaks in the same or similar samples 
as the most probable phase. The phases volatile at deposition 
temperatures have been ruled out. Upon inspecting Tables 2.2 - 
2.5 together wc observe that some peaks in all the films are 
duo to diffraction from silicon substrate. Other peaks are 
mostly from SnO^ and SnO (orthorhombic) phases. SnO can cry- 
stallize in oitiior tetragonal or orthorhombic phase depending 
on deposition conditions. The deposition conditions in present 
inv^'stigation seom to have favoured SnO (orthorhombic) phase. 

3b d.opcd fil.iis show sorao weak peaks which might bo from Sb and 
its oxides like 31)00^,3520^ otc. Sb and its oxides at times 
have very close d values and the differentiation becomes diffi- 
cult, We have considered the presence of Sb in elemental form 
under oxidizing conditions as a remote possibility and have 

identified the peaks duo to reflections from 3520^^ and Sb 204 
phase. 

Identification of peaks was relatively easy in case of 
undopod film, sample CNT2 whose X-ray diffraction data are 
proGontod in Table 2.2, Silicon reflections have been idonti- 
fiod from (111), (220), (311) and (400) pianos. Sn02 rcfle- 
ctio>)s h.avo been identified from planes (101]^ (211), (310) 
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and (301) planes, while SnO (0) reflections have been identified 
from (020), (004), (200) and (008/042) planes. In this sample 
the reflections from SnO (0) (200) and (020) planes are very 
strong followed by reflections from Si (311) plane and SnO^ 

(101), (211), and (310) planes. Remaining reflections were 
relatively weaker. Sb-doped films, samples CNOT 15, CNOT 20 and 
CNOT 21 also show the above mentioned peaks. Sample CNOT 15 
showed strongest reflection from Si (400) plane followed by 
those from SnO^ (310), ("^Ol) planes and Si (311) plane. All 
other reflections were very weak (of Table 2.3). Come of the weak 
reflections are SnO (0) (220), (223), (116), and (133) planes 
which have not been detected in other films. In case of sample 
CNOT 20 (cf. Table 2,4), strongest reflections are from SnO(O) 
(200), Si (111), SnO (0) (020), Si (311) and Sn02 (lOl) planes. 
This sample also shows moderate intensity of reflection from 
^^2^5 plane. Another feature of this sample is a moderate 

intensity peak at 2© value of 25.42° which has not been observed 
in other samples. This could be due to SnO (0) (ill) plane or 
might be arising from some oxide of Sb like 3520^, though they 
donot match well with the d value obtained. Sb 204 is likely 
to have resulted in a relatively week reflection at 20 value of 
50.50° also. Sample CNOT 21 (cf. Table 2,5) showed strongest 
reflection from Si (400) plane followed by that from Sn02 (310), 
(301), planes and SnO(O) (200) and (020) planes. This sample 
also showed weak reflections from Sb20^ (444) and (331) planes 
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in addition to some frora Sn02, SnO(O) and Si planes as in case 
of other samples. 

It is interesting to note that in samples CKOT 15 and CMOT 
CNOT 21 where Sn02 peaks were strongest (leaving Si peaks due to 
substrate), t'no films showed very good reflectivity and bright 
interference colours. Sample CNOT 20 on the other hand showed 
strong reflections from SnO(O) planes, and some moderate and 
weak reflections from OKidcs of antimony. This sample, incident* 
ally, showed some haze, probably duo to antimony oxides and/or 
SnO(O) phases. Sample CNT 2 was given a heat treatment in N 2 
at 300°C for 60 min, v^/hich might have resulted in excess SnO 
phases giving rise to intense reflections. 

In summary, the films deposited by chemical vapor deposi" 
tion showed strong preferred orientation for Sn 02 as well as 
SnO(O) phases. Apart from silicon reflections from ( 111) , (220) , | 
(311) and (400) planes, the X-ray data revealed Sn02 reflec- 
tions from (101), (211), (310), and (301) pianos and SnO(O) 
reflections from (020), (004), (200) and (008/042) planes. 

Weaker reflections from Sb20^ (331) and (444) pianos were also 
observed in Sb doped samples. Preferred orientation has been 
found in case of Sn02 films by other investigators also [4,44, 
46], Low temperature deposition probably resulted in incom- 
plete oxidation of Sn resulting in SnO phase'. Higher deposition 
temperature may result in lower concentration of SnO phase in 
the film. 
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The e.lectron diffraction patterns of Sn02 films deposited 
on silicon substrates showed spotty rings indicating poly- 
crystalline nature of film. The electromicrographs also 
showed polyc rys talline films with uniform grains all over the 
film. Those micrographs have been used to determine the grain 
size in these films. Table 2,6 summarises the grain size 
data for those films. It shows that the grain size for 
unciopod films was in the range of 900-1450 R. It compares well 
with the grain size value of 1000 R obtained on chemical vapor 
deposited undopod SnOp film at 380°C by Aboaf et al [36], who 
also found that the grain size increased with increase in depo- 
sition temperature. The grain size of Sb doped films (cf. 

Table 2.6) were smaller compared to undopod films and were in 
the range of 540-720 R. Shanthi et al [46] observed that the 
grain size of spray deposited Sb doped Sn02 films, formed at | 

540°C, increased from 250 R till 600 ^ as Sb doping increased,. | 

and then saturated. The film resistivity was also found to ; 

—2 —3 

decrease from 2x10 Ohm cm to 2x10 Ohm cm with Sb doping. Wei 
have found that in case of chemical vapor deposited films formei 
at 300°C, Sb doping level neither changed the resistivity nor 
tho grain size appreciably. Higher grain size obtained at lows; 
deposition temperature under present investigation compared to ; 
those reported [46] show superiority of chemical vapor doposi- i 
tion over spray hydrolysis. V^ith the rise in substrate tempo- ^ 
raturo, the grain size of chemical vapor deposited samples is 



Table 2,6 r Grain size data of che lilX cal vvapor deposited S X i Ib 
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expected to rise and hence. Hall mobility should also be more 
in case of these samples compared to those deposited by spray 
hydrolysis. 


Compa rp-_son_ of_^ j)j:es enj:_ J.nyj 2 s ticfajti cy^^ _reppr_tjacl^ in 

Literature ; 


Table 2.7 suuTmarises important properties of Sn02 films 
prepared by hydrolysis process as reported by various investi- 
gators and those obtained during present investigation. Most 
of the investigators have used deposition temperature of 
400--600 C, though some have used even upto 700 C. Vife have 
used a low deposition temperature of 300°C vjhich may offer 
advantage for optoelectronic device fabrication. The deposit! 
films showed presence of SnO phase also probably due to incom- 
plete oxidation of Sn at such a lovi? temperature. SnO phase 
has been reported by other investigators also but some confli; 
cting results are also reported [2] . Presence of SnO phase 
probably depends on deposition conditions. Our films showed ; 
preferred orientation as has been reported by other investiga-j 
tors [4,44,46]. An interesting observation is that we have | 
found grain size of 900-1450 X for undoped film v/hich compare^ 
well with the value shown for similar film in Table 2.7 [36].; 
The grain size for Sb doped film is lower compared to undoped; 
film but compared well with spray deposited Sb doped films 

I i 

formed at 540°C [46]. The resistivity of undoped Sn02 film i 
deposited by hydrolysis process has been reported to be is th 



Table 2.7 i Important properties of Sn02 film deposited by spray hydrolysi 
and chemical vapor deposition as reported in literature 
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—3 —9 

in the range of 5x10 to 2x10 Ohm~cm depending on deposition 
conditions (of Table 2,7). Our resistivity value of 2.9x10’"^ 
Ohm-cm for undoped Sn02 film seems to be the lowest value re- 
ported for such films. The resistivity of Sb doped film has 
been reported to depend on Sb doping level [46,47,74,77]. 
Different investigators have found minimum resistivity for Sb 
doping in the range of 1. 5-3.0 m/o (cf. Table 2.7). The 

resistivity of Sb doped film has been generally reported to be 

-4 -3 

in the range of 7x10 - 3x10 Ohm-cm for optimum doping. We 

have also obtained similar resistivity for Sb doped Sn02 films, 
though the deposition temperature is lower than that used by 
other investigators. Another feature which is clear from 
Table 2.7 is that optical transmission in the range of 90-95^ 
in visible and near infrared region for films with sheet 
resistance less than 200 Ohm/sq, has been obtained by only few 
investigators [46,78,80,83]. The optical quality of our 
films also seems to be amongst the best reported for such 
films. The value of optical bandgap obtained as 3.97 eV 
during present investigation also matches well with that 
reported for similar film [75], In summary we can say that 
though we have deposited undoped and Sb doped films at tempera-^ 
tures of about 300°C which are considerably lower compared to 
those used by other investigators, the opto-electronic proper- 
ties of these films are amongst the best reported in litera- 
ture for films deposited by similar chemical processes. 
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2,4.2 Properties of E-bearn deposited Sn doped In202 films 

The main emphasis was on adjusting deposition parameters 
so as to get good quality transparent conducting film. The 
effect of various deposition parameters on the electrical pro- 
perties of Sn doped In202 films are summarized in Table 2,8. 

Initial deposition runs were carried out in residual air 
atmosphere at substrate temperature of about 300*^C. The 
pressure during deposition was in the range of 1-2x10 torr. 

The films deposited on silicon and fused silica substrates 
were soft, less reflecting, opaque and with metallic lusture. 

Post deposition annealing in oxygen at about 400°C resulted in 
transparent film on Si02 substrate, sample ESI-1, and improved 
reflectivity and interference colours on films on silicon sub- 
strates. The hardness of the films also improved with oxidation. 
The sheet resistance of oxidized films was in the range of I 

30-60 Ohm/sq, Annealing in oxygen at a temperature of 450^0 
for 60 min, following initial post deposition annealing at 400'^C i 
for 120 min, was found to increase the sheet resistance of 
sample EPOl-3 from 30 Ohm/sq to 39 Ohm/sq, indicating that 
higher temperature or prolonged heat treatment in oxygen may 
adversely affect film resistivity. The film deposited at room : 
temperature resulted in considerably high sheet resistance of 
375 Ohm/sq even after the subsequent oxidation. This indicated 
that deposition at elevated substrate temperatures favoured 
high conductivity. The opacity, softness, and metallic nature of: 



Table 2,8 : Effect of deposition parasieters on properties of E-beam deposited 
Sn doped 102(^3 films 
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as deposited films indicated that during e-beam evaporation, 

Sn doped In202 got reduced resulting in probably unoxidized 
In atoms in the film. Subsecfuent heat treatment in oxidizing 
ambient resulted in transparent conducting films due to oxida- 
tion of these In atoms. 

Subsequent depositions were carried out in oxygen partial 

pressure. Deposition of film on SiOp substrate, sample ESI-2, 

in oxygen partial pressure, resulted in very transparent film 

eliminating the need for post deposition oxidation. Film 

deposited on Si 02 substrates with oxygen partial pressure of 
-6 

5x10 torr resulted in sheet resistance of 62 Ohm/sq for a 
film deposited for 45 min (sample ESI--2) and sheet resistance 
of 27 Ohm/sq for a film deposited for 60 min (sample ESI--3) . 
Both these films v;ore highly transparent. Post deposition 
heat treatments of sample ESI-3 in oxygen and hydrogen partial 
pressures at a temperature of 400*^0 for 30 min each did not 
affect the sheet resistance of as deposited film appreciably 
(of Table 2.3). Post deposition heat treatments in oxygen, 
mixture of hydrogen and nitrogen, oxygen partial pressure and 
hydrogen partial pressure, did not seem to affect sheet 
resistance of tliese films, appreciably, as is evident from 
the results of various heat treatments summarised in Table 2.8. 
However, the reflectance of the films in general was found to 
be improved by heat treatments. The sheet resistance data 
indicated that the films deposited in oxygen partial pressure 
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were quite stable and heat treatniants in oxidizing or 

reducing ambient did not effect the film properties 
appreciably. In case of samples deposited with oxygen partial 

—6 

pressure of 5x10 torr during deposition, the sheet resistance 

values were found to be in the range of 20“25 Ohm/sq for raost 

of the samples deposited for 60 rain, and in the range of 

60“65 Ohra/sq for samples deposited for 45 min. Samples ENI 6“8 

were deposited for 60 rain under above conditions and then given 

“7 

a heat treatment in residual air at a pressure of 7x10 torr 
inside vacuum system. The sheet resistance for these samples 
after heat treatment in vacuum showed values in the range of 
50-60 Ohm/sq, which are higher compared to those obtained in as; 
deposited films. This shows that vacuum annealing might have 
adversely affected the film resistivity. Subsequent heat 
treatment in oxidizing or reducing atmosphere showed slight 
decrease in film resistivity of samples ENI-6 and ENI -7. In 
case of sample ENI-8, the post deposition heat treatment in 
hydrogen reduced the sheet resistance slightly but subsequent 
heat treatments in N 2 and N 2 +H 2 increased sheet resistance. 
These results shovj some ambiguity about the effect of heat 
treatment in oxidizing, reducing as inert atmosphere on films 
deposited in oxygen partial pressure followed by heat treatment 
in vacuum. 
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Sample ENI-10 v/hich was deposited at oxygen partial 

pressure of 8x10 torr showed a sheet resistance of 

33 Ohm/sq. Depositions at higher partial pressure ofoxygenj, 

~5 

such as 1x10 torr, resulted in films v/ith considerably 

higher sheet resistance (cf. Table 2.0). This indicated 

that the sheet resistance of films increased with increase 

in oxygen partial pressure. Oxygen partial pressure of 
-6 

5x10 torr has given best films which dxl not require any 
fur th or heat t r e a 'tme n t . 

Samples ENI-13 and £I'4I”-14 wex'e subjected to post deposi- 
tion heat treatment in N 2 followed by that in N^+H^ (4 j1). 

The results obtained after final heat treatment in both cases 
show about same sheet resistance. Hov^ever, the value of sheet 
resistance in case of sample ENI-14 measured after heat treat- 
ment in shows relatively higher value. This indicates that 
probably heat treatment in reducing atmosphere, in case of 
samples deposited with high oxygen partial pressure, improved, 
the conductivity of the films. The sheet resistance of sample 
ENI-15 annealed in Ar partial pressure after deposition, how- 
ever, showed slight increase in sheet resistivity due to 
subsec|uont heat treatment in reducing atmosphere. 

Electron'-be©m deposited films had thickness of about 
2CXD0 R, and hence the best films had resistivity of less than 
1x10”^ Ohm-era, 
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2 . 5 CONCLUSION 

Chemical vapor deposition at substrate temperatures of 

about 300'^C has been employed to deposit very good quality 

undoped and Sb doped SnO^ films. The sheet resistance of 

undoped Sn 02 films in general were in the range of 

215-270 Ohm/sqj v^hile the minimum value of sheet resistance 

of a 3000 R thick film was 98 Ohm/sq resulting in resistivity 
-3 

of about 3x10 Ohm--cm. The resistivity of Sb doped SnO^ 
films on silicon and fused silica substrates were generally 
in the range of (l-2)xl0""'^ Ohm-cm though the lowest value of 
resistivity obtained was 8.6x10”'^ Ohm-cm for a 1430 R thick 
film. All these films had thickness in the range of 500-2000 R 
with most of the films in the range of 1000-1500 R thickness. 
Deposition rates obtained were in the range of 10-30 R/min for 
both types of films. Undoped films had a grain size of about 
900-1450 R while doped films had a grain size of about 
540-720 R. These films showed presence of SnO phase and same 
^^2*^5 case of doped films. All the films showed 

preferred orientation. The optical transmission was found to 
be in the range of 90-95^ in visible and near infrared region 
for Sb doped Sn02 films. The optical bandgap of Sb doped SnOp 
film was found to be 3.97 eV. Thus the op to-electronic proper- 
ties of these films are amongst the best reported in the litera- 
ture, even though considerably lower substrate temperatures have 
been employed. The deposition rate, though lower compared to 
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did not show appreciable change in film resistivity* and the 
films seoi.i co oe quite staole. Such a low value of sheet 
resistance in case of o-beam deposited Sn doped In 203 films 
make them very suitable for optoelectronic devices. The 

resistivity of these films is estimated to be less than 
1x10 ^ Ohiii-cm. 



References 


1. J.L. Vossen, Phys. Thin Films 9, 1 (1977). 

2. K.L. Chopra, S. Major and D.K. Pandya, Thin Solid Films 
102, 1 (1983) . 

3. G. Haacke, Ann. Rev. Mater. Sci. 7, 73 (1977). 

4. J.C. Manifacier, Thin Solid Films 90, 297 (1932). 

5. T. Feng, D.J. Eustace and A.K. Ghosh, Proc. 16th IEEE 
Photovoltaic Specialists Conf., XX (1982). 

6. L. Holland and G. Siddal, Vacuum 3, 375 (1953). 

7. H.K. Muller, Phys. Status Solid! 27, 723 (1968). 

8. I. Hamberg, A. Hjorksberg and C.G. Granqvist, Proc. Soc. 
Photo-Opt. Instruni. Eng. 324, 32 (1982). 

9. C.A. Pan and T.P. Ma, Appl. Phys. Lett. 37, 163 (1930). 

10. T. Nishino and Y. Hamakawa, Jpn. J. Appl. Phys. 9, 

1085 (1970). 

11. H.U. Habermeier, Thin Solid Films 80, 157 (1981). 

12. H.S. Randhawa, M.D. Mathews, and R.F. Bunshah, Thin 
Solid Films 83, 267 (1981). 

13. D.E. Brodie, R. Singh, J.H. Morgan, J.D. Leslie, L.J. Moore 
and A.E. Dixon, Proc. 14th IEEE Photovoltaic Specialists 
Conf., 468 (1980). 

14. P. Nath and R.F. Bunshah, Thin Solid Films 69, 63 (1980). 

15. M. Mizuhashi, Thin Solid Films 76, 97 (1981). 

16. M. Mizuhashi, J. Non-Crys. Solids 38-39, 329 (1980). 

17. J.C. Manifacier, M. de Murcia, J.P. Fillard and E.Vicario, 
Thin Solid Films 41, 127 (1977). 

18. E. Loja, A. Kolodziej, T- Pisprkiewicz and T. Stapinski, 
Thin Solid Films 76, 283 (1981), 



97 


19. N. i.liyata, K. Miyake and S. Mao, Thin Solid Films 58, 
385 (1979K 

20. J.L. Vossen, J. Vac. Sci. Technol. S, 751 (1971). 

21. G.N, Advani, A.G. Jordan, and P. Kluge-Weiss, Mater. 

Sci. Eng , 4, 99 (1979). 

22. A.G. Sabnis, J. Vac Sci. Technol. 15, 1565 (1978) 

23. C.E. w'ickersham and J. Greene, Phys .Status Solid! A47, 

329 (197S) . 

24. J.C.C. Fan, F.J. Bachner, and G.H. Foley, Appl. Phys. 
Lett. 31, 773 (1977). 

25. M. Buchanan, J.B. Webb and D.F. Williams, Appl. Phys. 
Lett. 37, 212 (1980). 

26. D.B. Fraser and H.D. Cook, J. Electrochem. Soc . 119, 
1363 (1972), 

27. 0. Caporaletti, Sol. Energy Hater. 7, 65 (1982). 

28. G. Haacke, Appl. Phys. Lett. 28, 622 (1976). 

29. J.C.C. Fan, Appl, Phys. Lett. 34, 515 (1979). 

30. E. Giani and R. Kelly, J. Electrochem. Soc. 121, 

394 (1974). 

31. J.N. Avaritsiotis and R.P. Hov;son, Thin Solid Films 
77, 351 (1981), 

32. Fl.P. Howson, J.N. Avaritsiotis, M.I. Ridge, and C.A. 
Bishop, Thin Solid Films 58, 379 (1979). 

33. J. Machet, J. Guille, P. Saulmier and S. Robert, Thin 
Solid Films 80, 149 (l93l). 

34. R.P. Howson, and M.I. Ridge, Thin Solid Films 77, 

119 ( 1901) . 

35. R..N. Ghoshtagore , J. Electrochem* Soc. 125, 110 (1978) 

36. J.A. Aboaf, V.C. Marcotte and N.J. Chou, J .Electrochem 
Soc. 120, 701 (1973). 



93 


37. H. Kim and H.A« Laitinen, J, Am, Ceram. Soc, 58, 

23 (1975). 

38. 0. Tabata, T, Tanaka, M. VJaseda and K. Kinuhara, Surf. 
Sci. 36, 230 (1979). 

39. T- Muranio, and iVl. Furukoshi, Thin Solid Films 48, 

309 (1978). 

40. R. Kalbskopf, Thin Solid Films 77, 65 (1981). 

41. J. Kane, H.P. Schweizer and VJ. Kern, J.Electrochen. 

Soc. 123, 270 (1976). 

42. L.A. Ryabova, and Ya. S. Savitskaya, Thin Solid Films, 
2, 41 (1968). 

43. L.A. Ryabova, V.S. Salun and I. A. Serbinov, Thin 
Solid Films 92, 327 (1982). 

44. J.S. Maudes, and T. Fiodxiguez, Thin Solid Films 69, 

183 ( 1930) . 

45. P, Grosse, F.J. Schmitte, G. Frank, and H. Kostlin, 

Thin Solid Films 90, 309 (1982). 

46. E. Shanthi, V. Dutta, A. Banerjee, and K.L. Chopra, J. 
Appl. Phys. 51, 6243 (1980). 

47. E. Shanthi, A. Banerjee, and K.L. Chopra, Thin Solid 
Films 88, 93 (1982). 

48. J.C. Manifacier, L, Szepessy, J.F. Bresse and M, 
Perotin, iMater. Res. Bull. 14, 109 (1979). 

49. R. Groth, Phys. Status Solid! 14, 69 (1966). 

50. M.S. Tornar, and F.J. Garcia, Thin Solid Films 90, 

419 (1982). 

51. G. Haacke, H. Ando, arid W.E, Mealmaker, J. Electrochem. 
Soc. 124, 1923 (1977). 

52. S. Samson, and C.G. Fonstad, J. Appl. Phys. 44, 4618 
(1973). 

53. J.A. Marley and R.C. Dockerty, Phys. Rev. Sect. A 140, 
304 (1965) . 



99 


54. M. Nagaswa 'and S. Shionoya, Jap. J. Appl.Phys. 10, 

727 (1971). 

55. R.E. Aitchison, Acost. J. Appl. Sci. 5, 10 (1954). 

56. Y.S. Hsu and S.K. Ghandi, J. Electrochem. Soc. 127, 

1592 ( 1980) . 

57. Y.S. Hsu and S.K. Ghandi, J. Electrochem. Soc. 126, 

1434 (1979). 

58. F.J. Arlinghaus, J, Phys . Chem. Solids 35, 931 (1974). 

59. J.L. Jacquemin and G. Bordure, J. Phys. Chem. Solids 36, 
1081 (1975). 

60. F, Simonis, M.v.d. Loij, and C.J. Hoogondoorn, Sol. 

Energy Mator. 1 , 221 (1979). 

61. R.L. VVeihor, and R.P. Ley, J. Appl. Phys. 37, 299 (1966). 

62. V.I. Fistul, and V.M. Vainshtein, Sov.Phys. Solid State 8 , 

2769 (1967). 

63. J.H.'.V. DoVat,. J. Solid State Chem. 8 , 142 (1973). 

64. A.J. Stockl, and G. iVfohammed, J. Appl, Phys. 51, 3890(1980). 

65. J.L. Vos son, RCA Rev. 32, 269 (1971). 

66 . G. Haacke, 'd.E. Moalmaker, and L.A. Siegel, Thin Solid 
Films 55, 67 (1978). 

6)7. G. Haacke, Proc. Soc. Photo-Opt. Instrum. Eng. 324, 

10 (1902). 

68 . G. Holland, E. Mollow, and F. Stockmann, Solid State 
Phys. 8 , 193 (1959). 

69. L.3. Valdes, Proc, IRE 42, 420 (1954). 

70. R.L. Heihor, and R.P. Ley, J. Appl. Phys. 37, 299 (1966). 

71. Standard X-ray diffraction data ; for powder sample; 

A3TM 13-111 for Sn0(0)| ASTM 5-0467 for Sn 02 J ASTM 5-0565 

for Si; AS'L.; 11-694 for 362045 ASTi.l 11-690 for Sb 205 ;etc. 

72. K. Ishiguro, T. Sasaki, T. Aral and I, Imai, J.Phys. 

Soc. Jpn. 13, 296 (1958). 



100 


73. I. Viscrian, and V, Geoxgescu, Thin Solid Films 3, R17 
(1969), 

74. W,M. Fiest, S.R, Steele, and D.W. Ready, in ’Physics of 
thin films’ (G, Hass and R.E, Thun eds), vol, 5, p.237, 
Academic Press, New York (1969). 

75. A. Fischer, Z. Maturforsch A9, 508 (1954). 

76. S.P. Lyashenko and V,K, Miloslavskii, Opt. Spectres 
(USSR) 19, 55 (1965), 

77. D. Elliott, D,L. Zellmer, and H.A. Laitinen, J.Electrochem. 
Soc. 117, 1343 (1970). 

78. A.R. Peaker, and B. Horsley, Rev. Sci. Instrum. 42, 

1825 (1971). 

79. J.C. Manifacier, L. Szepessy, J.F. Bresse, M. Perotin, 
and R. Stuck, Mat. Res. Bull. 14, 163 (1979). 

80. H. Haneko and K. Miyake, J.Appl.Phys. 53, 3629 (1982), 

81. R. Groth and E. Kauer, Philips Tech. Rev. 26, 105 (1965). 

82. H. lida, N. Shiba, T. Mishuku, A. Ito, H. ’Karasawa, M. 
Yamanaka, and Y. Hayashi, IEEE Electron Dev, Letters 
EDL-3, 114 (1982). 

83. J. Kane, H.P. Schweizer, and W. Kern, J. Electrochem, Soc. 
122, 1144 (1975). 



101 


CHAPTER 3 

ELECTRICAL CHARACTERIZATION OF CHEMICAL VAPOR 
DEPOSITED Sn 02 -Si HETEROJUNCTIONS 

3.1 INTRODUCTION 

Tin oxide and indium oxide films not only possess high 
optical transparency and high electrical conductivity, but 
have the ability to form very high barriers on semiconductors 
such as silicon. This makes them very attractive for opto- 
electronic applications such as solar cells and imaging 
devices. 

A large number of techniques as discussed in Section 2.2 
can be employed to deposit thin layers of transparent condu- 
ctors. Some of these, as spray hydrolysis, have been routinely 
carried out to prepare layers of tin oxide or indium oxide 
for less demanding applications such as conductive coatings 
on aircraft wind shields etc. More sophisticated electronic 
device applications such as Sn02 {or In2O0)-Si heterojunction 
solar cells or In202 (or Sn02)-Si0^-Si solid state imaging 
devices, require not only adequate transparency and conducti- 
vity, but also high barriers and good interface properties, 
and chemical stability. 

Spray hydrolysis has been widely employed for solar cell 
fabrication as it can economically deposit layers over large 
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aroAs «3r»cJ lends itself easily to automation. Efficiencies 
nxcoediny 14/ have been reported for spray deposited Sn02~Si 
and In20^-Si solar colls [l,2]* However^ problems with 
uniformity of films and reproducibility are frequently encoun- 
tered , The usual chemical vapor deposition in a standard 
tube luinacc employing the same hydrolytic reaction as in 
case of spray deposition can lead to more uniform and 
reproducible films and is likely to be more suitable for 
electronic device applications. 

The solar cell properties of SnOo (or InoO^)-Si hetero- 
junctions prepared by various techniques have been studied 
by many investigators [1-12]* An interesting feature that 
has been observed in case of Sn 02 (or In 203 )-nSi hetero- 
junction solar cells, prepared by spray hydrolysis, is their 
consistently high open-circuit voltage (0.5 V or above), but 
the fill factors have been generally low presuiting in low 
efficiency solar colls [3,4]. High open-circuit voltage and 
very good fill factor can be obtained in a hetero junction 
with high barrier »if thcrndonic emission or minority carrier 
injection play a dominant role in carrier transport mechanism 
Other transport processes result in undesired diode current 
component which is generally responsible for poor fill factor 
The study of carrier transport mechanism across the barrier 
and the factors affecting the same become important to identi 
fy the origin of undesired diode current coitponent and mini- 
mlEc the same in order to enhance the efficiency of solar 
colls* 
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Only a few investigators have attempted the identifica- 
tion of predominant carrier transport processes across 
Sn02 (or In202)“Si heterojunctions [3-8]. Some of them [4-6] 
seem to have arrived at doubtful conclusions due to incom- 
plete investigations, Maruska et al have studied optical and 
thermal degradation of spray deposited Sn02-Si and In2p3-Si 
solar cells and have attempted to explain these degradations 
from the change in current voltage characteristics of the 
diode [9] . The basic mechanisms such as carrier transport 
across the heteroj unction, dependence of the heterojunction 
barrier and transport process on various interface parameters 
such as traps, and the physical/chemical origin of traps 
therefore remain to be examined in detail and understood well. 
Such studies have not been reported so far on chemical vapor 
deposited Si02 (or In203)-Si heterojunctions. Since the 
basic hydrolytic reactions and the reagents used in spray 
and eVD methods are same, such a study can be helpful in 
determining the superiority of one process over the other. 

The present work was mainly aimed at i (i) preparing 
a set of reproducible Sn02-nSi heterojunctions by chemical 
vapor deposition using hydrolytic reaction in a standard 
tube furnace with and without antimony doping? (ii) examining 
the mechanism of carrier transport across the heterojunction 
at room temperature and above? and (iii) investigating the 
presence and influence of traps and defects on the hetero- 
junction barrier height and the transport process. 
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3.2 THEORETICAL DISCUSSION 

3,2.1 Current Transport Processes in Surface Barrier 
Devices 

Heterojunctions between silicon and transparent con- 
ductors such as tin oxide or indium oxide should basically 
behave as surface barrier devices since the energy bands 
in transparent conductors are generally assumed to bo flat 
due to their high conductivity/degeneracy. This assumption 
seems to be correct since the capacitance-voltage characteri- 
stics of transparent conductor-oxide-silicon (TCOS) structure 
are found to be exactly siniilar to those of the MOS capacitor 
enabling interface invostigation using TCOS structures [l3]. 
For all practical purposes the space charge layer therefore 
lies entirely in silicon. The heterojunction behaves like 
a Schottky barr^or with thin interfacial layer in many 
respects, Gxrvipt for the fact that in case of a metal as the 
barrier -■-orming layer a continum of states exist in the 
bulk metal, where as in case of transparent conductor as 
vho barrier forming layer a very wide bandgap exists. 

Figure 3.1 depicts the energy band diagram of an n- 
type -Si-SiO^-SnO^ heterojunction under a moderate forward 
bias. The possible mechanisms of carrier transport across 
such a barrier are also illustrated in this figure. These 
are [3,14,15] : 



ms 



SiO^ SnO^ 


flgur# 3®l Energy band diagra* of n-Si/SlO /SnOu h®t«rojuncllovi^ 
flt <i foTW4rd bias, lllustrating*yarlou» a®ch«ni»m» of 
Crtirlor tranaoort across the silicon barrlor. Prc-ce»» 
a i» tfioralonlc emission, proc«tHS b i» interfaca 
2#-coTbln*tlon-tunnelliii3, process c Is emi* I'iolsi 

«*AU»ion, pracesa d' is Held ep-issiari, ptoces* # H 

p;.'<>cess * Is minority caitier Injectlofi, 
arid process g Is multist*^ tunneling 
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thermionic emission (process a) , 

recombination-tunneling via interface states (process b) , 
thermionic field emission (process c) , 
field omission (process d) , 

recombination-generation in the space charge layer (process o) , 
minority carrier injection (process f ) , and 
trap assisted multistep tunneling (process g) . 

The effect of the oxide barrier on the above processes 
can generally bo represented by moans of an oxide transmission 
coefficient [14-17]. More than one mechanism can contribute 
to the diode current J , and which mechanism dominates over 
others depends upon the device temperature, T, the device 
voltage, V > the surface barrier height, the silicon 

doping density, N, and densities of interface states, 
and traps, in the space charge layer. The current-voltage 

characteristic of a surface barrier device is therefore the 
most difficult of all measured electrical characteristics to 
interpret. The individual transport processes are discussed 
below. 

T hermionic emission (process a) ; 

The thermionic emission theory was proposed by Bethe 
and has been discussed in texts [14]. In this process the 
carriers v;ith sufficient kinetic energy to raise their energy 
level up to barrier height get emitted from the semiconductor 
to metal (or transparent conductor). The current-voltage 
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relationship is given by the expression ; 

= -^to [cxpcff)-!] 


( 3 . 1 ) 


where is the diode current density due to thermionic emi- 
ssion, is the reverse saturation current density, V is 

the applied bias, q is electronic charge, k is Boltzmann's 
constant and T is device temperature. is related to the 

barrier height 0, through the expression : 


J 


to 


A r exp(- pjS) 


(3.2) 


whore A is effective Richardson constant. 

3kT 

Equation (3.1) predicts that at any temperature for V > , 

In vs V will bo a straight lino with unity slope. 
will bo given by the intercept of this straight lino with 
current axis at V = o. Equation (3.2) predicts the dependence 
of on barrier height and temperature. If the barrier 

height is large, the thermionic omission current, J.|., will 
be small duo to small The barrier height can be found 

experimentally by measuring vs V characteristics at 
different temperatures and determining at each tempera- 

try 

ture. Equation (3.2) suggests that a plot of In (J.^. ^/T*") vs ^ 
should be a straight lino whoso slope will give the barrier 
height, 0^^, Such a plot is called activation energy plot. 

The activation energy plot v;ill be linear if barrier height, 



108 


is constant \vith temperature, Tc 

Taking into account the image force lowering of the 
barrier, A0, Equation (3.1) can be rewritten as [l8] ; 

vC- 2 q(V+A0) 

--AT" exp(- -pi) [expi"— -pY— } “l] (3.3) 

where A 0 is the image force lowering. Since the image 
force lov;ering and A are both voltage dependent functions, 
the diode current*“Voltage characteristic is found to be 
rep resented more appropriately by the expression [IS] s 

qV 

'^t ™ '^to (3.4) i 

whore n is a constant greater than unity and is temperature 
independent, n is called diode ideality factor. Equation ' i 

(3.4) sui'jCjGsts that In vs V plot will be a straight line witf 
a slope greater than unity. It has been found that for nearly ; 
ideal diodes, the value of n lies between 1 and 1.1 which 
can be accounted for by the image force lowering [18], i 

BP,ccyabaj\a tipn_ j^nn pi i_nq_ via i n t er fa c e s t a t e s ( p r o c e s s b}., A. 

Tl'ic soiaiconductor-insulator interface always contains ; 

energy states in the forbidden energy gap. The density of | 

tlicso states, Nj_g» depends on various factors. If the density 
of these states is largo, they can assist in carrier transport 
due to recombination-tunneling, process b, shown in Figure 3.1 
[15], The transition of carriers from silicon majority 
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carrier band into the interface state takes place due to 
recombination -generation process and these carriers then 
tunnel through the oxide causing a diode current to flow, 
which is given by [l5] ; 



c 

/ 

Ey 



(3.5) 


In this expression is current due to recombination-- 

tunnoling process, N. is the density of states, is energy 
of bottom of conduction band, E^ is energy of top of valence 
band, r ^ is the oxide tunneling time constant, and f^ and f^^ 
are bulk silicon and metal occupancy functions, respectively. 
The tunneling time constant is given by 




(3.6) 


where B is a constant, t^^ is oxide thickness and ot is a fun- 
ction of oxide barrier. The current density increases with 
density of states and is controlled by oxide tunneling time 
constant which increases with oxide thickness and oxide barrier; 


The recombination -tunneling current via interface states 
results in a nonlinear In vs V characteristic (cf. 
Equation 3,5), 


Thermionic-field omission 


!SS C 


Thermionic omission requires electrons with energies above 
the top of the barrier. However, under certain conditions the 
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carriers with energies below the top of the barrier may 
penetrate the barrier duo to quantum mechanical tunneling 
[ 14 ], This is referred to as thermionic-field emission and 
is shown as process c in Figure 3.1. The tunneling proba- 
bility depends on the height and the width of the barrier. 
Presence of high electric field across the barrier, as in 
case of degenerate semiconductors or Schottky barriers 
without guard rings, reduces barrier width. At an inter- 
mediate tomperature, the electrons are excited to higher 
energies and the tunneling probability increases considera- 
bly as the electrons encounter a thinner and lower barrier. 
The number of excited electrons however decreases rapidly 
with increasing energy level at any temperature and hence 
there is an optimal energy level, the electrons from which 
will contribute maximum to the current. At a high enough 
tempore turo (room tomperature) most of the electrons may 
cross the barrier due to thermionic emission. Thermionic- 
field omission therefore plays an important role at inter- 
mediate temperatures, in degenerate semiconductors, and in 
the presence of high electric field such as encountered in 
Schottky barriers without guard ring. 

The theory of thermionic-emission has been developed by 
Padovani and Stratton [19]. It leads to an exponential 
current vs voltage characteristics, for V/V^ > 3, given 
by expression [ 14,20] z 
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Jtf = Jtfo (3.7) 

where J.j.£ is current due to thermionic field emission, is 

the corresponding reverse saturation current, and is a 
parameter v^hich plays an important role in tunneling theory, 
is given by ; 

^0 = ^00 Coth(q Vq^At) (3.8) 

Vqo is the diffusion potential of a Schottky barrier such 
that the transmission probability of an electron with energy 
coinciding with the bottom of the conduction band at the 
edge of the depletion layer is equal to e~^ [l4] . The ratio 
kl/qV^j^ is a measure of relative importance of thermionic 
omission and tunneling. kT >> loads to thermionic 

emission, kT *^''^oo rise to thormionic-field emission, 

while kT << qV results in field omission [14] . V* is a 
constant depending on doping density, effective mass of 
electron and permittivity of semiconductor. It is given by 

V =1 [-^ ]l/2 (3.9) 

whore is Planks constant divided by 2n:, N is doping 
density, ra^ is effective mass of electrons in semiconductor 
and £5 is semiconductor permittivity. 
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If we compare Equation (3.7) with Equation (3.4), we get 

^ (3.10) 

Equation (3,7) reveals that In vs V will still be a linear 
curve whose slope will give (or nT). Equation (3,8) however 
indicates that is a nonlinear function of T and hence nT 
will also be a nonlinear function of T. It has been found 
that in case of thermionic-field omission )vs l/T 

does not give a good straight line. In fact ln(j^^Q/T )vs l/nT 
givGs a straight line [20], 

Field-emission (process d) ; 

Field-omission, shown as process d in Figure 3.1,becomes 
important at very low temperatures and in highly degenerate 
semiconductors whore the electrical field makes barrier thin 
enough to allow quantum-mechanical tunneling of electrons at 
Fermi . level. As mentioned above the theory of quantum 
mechanical tunneling of Padovani et al [19] explains both 
the thermionic-field emission and the field emission. Field 
emission becomes important at a temperature when kT«qVQQ [14], 
In such a case Equation (3,8) reduces to 





(3.11) 
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This indicates that though the In vs V plot » where . 
is diode current due to field emission, will still be a 
straight line giving from its slope. The value of will 
bo a constant and temperature independent. In vs V plots 
at different temperatures will have the same slope. This has 
been found correct experimentally also [20]. 

Recombination-genoration in the space charge layer (process e) ; 

Recombination-generation in the space charge layer contri- 
butes to diode current via localized centres and the centres 
near the mid gap have been found to bo most effective [14]. The 
recombination current also gives rise to an exponential 
current-voltage characteristic, approximately given by [14] ; 



whore is diode current duo to recombination generation, and 
is the reverse saturation current which is inversely 
proportionate to the life time in depletion region. 


J 


ro 



(3.13) 


where n^^ is the intrinsic electron concentration, w is deple- 
tion layer width and is the lifetime in depletion region. 

Equation (3.12) shows that In vs V plot will be a straight 
lino with n = 2. Since n^ is proportional to exp (- ’ 

where E is semiconductor band gap, the activation energy plot 
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of lo vs Y will give an activation energy of Eg/2. The 
recombination current component is generally found in most of 
the devices. The ratio of thermionic current (J^) tp recombi- 
nation current (J^) using Equations (3 .1) , (3.2) , (3.12) and 
(3.13) comes out to be proportional to ; ' • 

exp[-q(20^^-V-Eg)/2kT] 

This clearly shows that recombination component becomes impor- 
tant at low voltages, high barrier, low temperature and low 
minority carrier life time [14]. 

Presence of recombination current generally causes depar- 
ture from pure thermionic emission characteristics is a Schottky 
diode. This may result in ideality factor n between 1 and 2. 

In such samples the activation energy plot is likely to give two^ 
activation energies, ; 

(i) equal to 0 ^ at high temperatures resulting from thermionic 
emission, and 

(ii) equal to approx. Eg/2 at low temperatures resulting from 
recombination current [l4]. Since recombination component is 
more important at lower temperatures while thermionic omission 
at higher temperatures, the current-voltage characteristics of 
a diode in which both are dominant in different regions may 
give temperature dependent n, which decreases as temperature 

is increased and finally saturates when only thermionic emi- 
ssion dominates. 
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Minority-carrier injection (process f) ; 

In case of barrier height on n type material to be 
greater than Eq/ 2, which is generally obtained in case of 
Sn 02 -nSi heteroj unctions , minority carrier (hole) injection 
(process f in Figure 3.1) may become the dominant carrier 
transport mechanism. In . case of very high barriers, the 
semiconductor interface may become inverted resulting in 
high density of minority carriers. These then diffuse to the 
neutral region of semiconductor under forward bias. This is 
called minority carrier injection or diffusion current and 
is similar to p-n junction current. From p-n junction theory, 
this current is given by [l4] ; 

n ^ 


where is diode current due to minority carrier injection, 
D is minority carrier diffusion constant, L is minority 
carrier diffusion , length, and is saturation current due 
to minority carrier injection. 


It may bo mentioned here that minority 

in case of Sn 02 ~nSi hoterojunctions requires 

Sn02“Si02 interface as shown in Figure 3.1. 

tion current in this case, is given by 

2 

T _ ^ N , exp[-E VkT] 

'^ho “ ’TM “ L.N ® ^ ^ 


carrier injection 
suitable states at 
The reverse satura- 


(3.15) 
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where and ^■Iy. are effective density of states in conduction 
and valence bands respectively. 

The above Equation (3,14) indicates that In V will 

be a straight line with unity slope. Since varies as 

3 

T with temperature, the variation of with temperature 
will be governed by the exponential term. As temperature 
increases, decreases and hence will increase more 
rapidly compared to given by Equation (3.2). The 
activation energy plot may give very slight nonlinearity due 
to variation of E^ with temperature. The slope of the activa- 
tion plot will give Eg. 

Trap-assisted multistop tunneling (process q) ; 

Ribon et al [2l] observed that the temperature dependence 
of current-voltage characteristics of n Ge-p GaAs hetero- 
junctions could not be explained with any of the existing 
theories of thermionic omission or diffusion. The main 
differences were (i) the theory predicted slope of In J vs V 
curve to change about 4 times as temperature is reduced from 
296°K to 77^K. while their results indicated practically the 
same slope up to 0.7 V, (ii) theory predicted a change in 
current magnitude of about 16 orders but experiments showed 
only 6 orders of magnitude change as temp was brought down 
from 296°K to 77°K, (iii) the currents (forward as well as 
reverse) predicted by theory were always less than those 
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obtained experimentally, and (iv) In vs T was found to be 
a straight line against In vs y expected theoretically, 
where is diode saturation current. These led Riben et al 
[21,22] to propose tap assisted multistep tunneling model 
in which electrons cross the depletion region due to tunneling 
via traps employing a staircase path shown as process g in 
Figure 3.1, The forward current was explained by multistep 
tunneling while reverse current was explained in terms of 
Zener tunneling. The forward current in this case, can 

be expressed as [23] : 

B oxp[--a0l/2(^O-Vg)] (3.16) 

where B is a constant including oxide transmission coefficient 
is the density of traps in depletion region, i ? is zero bias 
silicon band bonding (diffusion potential), is the fraction 
of applied voltage appearing at semiconductor, a is a function 
of substrate doping and varies inversely as square root of 
doping. 0 is defined by = 9(^?? - V) where is the average 
energy barrier that the electrons tunnel through. Equation (3.16) 
indicates that this current conponent is proportional to density 
of traps. Also, as doping density increases, a decreases, and 
the current increases. Also as decreases (due to large 
trap levels in staircase path), the current increases. The 
behaviour of all the devices involving multistep tunneling have 
been shown to follow the following empirical relation [22,23]; 
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= '^mto ®^P(AV) exp(BT) (3.17) 

where A and B are constants essentially independent of voltage 
and temperature and is diode saturation current due to 

multistop tunneling. A is found to be relatively insensitive to 
the temperature variations [22,23]. A can therefore be esti- 
mated from the slope of In vs V curve at any fixed tempera- 
ture and B from In vs T at any fixed voltage (say V = o). 
Those values of A and B will be good as first approximation, 
neglecting their dependence -on temperature and voltage respecti- 
vely. Riben et al [22] found A to be of the order of 20 to 
30 V ^ and B in the range of 0,04 to 0.07 The multistep 

tunneling theory proposed by Riben et al [21,22] for nGe-p GaAs 
was found to explain J~V characteristics of other hetero junctions 
like pGo-nSi and pGo-nGaAs at intermediate and high voltage re- 
gions though low voltage regions exhibited recombination- 
generation currents [23], Since the slope of In vs V 
remains same with temperature, if implies that in case of multi- 
step tunneling process ,n.T should be relatively temperature 
independent. 

Evidence of trap-assisted raultistep tunneling based on the 
above discussions have also been found in surface barrier 
devices like spray deposited In202“Si heterojunction [3,24] ,MOS 
diodes on poly Si [24,25], and Sn-doped SnO^-Si heterojunction 
under present investigation [26], 
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3.2,2 Identification of Current Transport Process 

Identification of the most dominant current transport 
mechanism in any particular diode merely on the basis of 
current-voltage characteristics is therefore very difficult and 
it often resulted in doubtful conclusions in the reported . 
literature. For example, exponenti?.! J vs V characteristic is 
generally attributed to either thermionic emission or minority 
carrier injection even if the diode quality factor n is much 
larger than unity [4]. However, measurement of current-voltage 
(J-V) characteristics and high frequency capacitance-voltage 
(C~V) characteristics at various temperatures can provide use- 
ful information. From In J vs V characteristics the values of 
ideality factor, n, and saturation current, J^, can be obtained 

at different temperatures. High frequency ■^9 vs V characteri- 

C 

sties (linear) at these temperatures can give the doping density 
from the slope (and hence Fermi potential', 0p j from 
majority carrier band edge) and zero bias silicon band bending, 
from the intercept to the voltage axis. The total barrier 
height, ? + 0p, can therefore be calculated at each temperature 

from vs V plots. If vs V gives more than one slope, it 

O' ' 

indicatiis the possibility of presence of deep level traps and 
the low frequency vs V characteristics can then be used to 
get more information about these traps [26]. This has been 
discussed in detail in Section 3.2,3. In case of sufficiently 
thick oxides where small signal admittance— voltage characteri— 
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density can be obtained, which can be helpful in determining 
the possibility of recombination- tunneling via interface 
states [15,16], 

The following procedure can be adapted. for identification 
of carrier transport mechanism once the above mentioned infor- 
mation is obtained from J vs V and C vs V characteristics at 
various temperatures : 

(i) The recombination- tunneling process via interface states 
gives rise to nonexponential J vs V curve as discussed earlier, 
and hence can bo neglected if exponential J vs V curve is 
obtained at room temperature. All the remaining transport 
processes result in exponential J-V curves but the simulta- 
neous presence of a few of them may result in different 
slopes of In J vs V curve in different regions. 

(ii) If In J vs V characteristics remain linear over wide vol- 
tage and temperature range with diode quality factor n inde- 
pendent of temperature having a value close to unity, and if 
In J vs plot is also linear then the dominant process may 
either bo thermionic emission or minority carrier injection. 
Now if the activation energy obtained from In vs T ^ plot 
and the barrier height, + 0p» match with each other at each 
temperature and their value is much different from the bandgap, 
then thermionic emission is the most likely mechanism. On the 
otherhand ,if the barrier height from vs V and activation 
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onorciy plots come out to be close to the band gap, thermionic 
emission ana minority carrier injection cannot be dif f erentia- 
tad easily. The general belief is that minority carrier 
injection may dominate in this case. Nielsen [ 17,27] has 


s'.u’gostod that thermionic emission and minority carrier 
injection can be differentiated from the variation in in J vs V 
characteristics vnith temperature. If these characteristics ct.t 


tv/o tenporaturos and (T,-, > T^) are studied, then for a 
constant diode current, the increase in saturation current 
with temperature Is given by [17] j 


In [ 


j„(n) 


o 


qVj^ 


j:rf,2-^kT 


1 


qV. 

ict; 


0 


(3.18) 


vihere is the voltage giving the same diode current at 
tomDemture Ti and Vois the voltage aiving the same diode 

Jo(to5 

current at temoorature In y can be easily calcu- 

lated frovn moa.surod cliaractoris tics . 


The ratio of diode saturation current at two temperatures j 


To and for a rainority carrier injection current has been 

shown theoretically to bo [27] ; 



In 


[ 




kT. 





] 


(3.19) 


Knowine tOuTooratures T-, and a.nd calculating H-(T) at these 

i. r f 'r \ '-'I 




torapo rnturos , the values of In calculated using 
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equation (3.19) and expe3:iraentally obtained using equation 
(.J.13) can be coiapared. If they match then minority carrier 
injection is the dominant transport process. 


(lii) If the diode quality factor n has a value considerably 


higher than 1 (close to 2 ), and if 


^ from 

^ ^ C 


vs V plot 


comes out to be high but the activation energy from 

'Jq vs y plot comes out to be approximately half the band- 
g.'jp 5 then recoit^ination-genoration in space charge layer via 
•■.ud gap traps is likely to be dominant mechanism. 

(iv) If tt'.e diode quality factor n has a value between 1 and 2 

or if In J vs V has two slopes giving n^ (lov/ bias) > 1 and 

n 2 ( intorhiediato bias) 1, and if In vs y plot gives two 

activation enorc^ies, (a) approximately equal to half the band- 

gap at low tompera tures and (b) equal to barrier heigh, 

1 

obtained from '"V- vs V olot at high temooratures , then both 


thor'aionic emission (or minoirity carrier injection) and. re- 
covii'xlnntion-rjenoration in space charge layer are contributing 
to diode current. This is a commonly observed feature in 
Schottky 'carriers, ho cO'.ibi nation-gene ration plays a dominant 
rol.,j at low bias and low touperatures while thermionic emission 
(or s.iinorlty carrier injection) becomes dominant at intermediate 
Ixlas and higli (room) temperatures. 

(v) field omission [l4,20] becomes important at very low tern- 
porr.turos and in case of highly degenerate semiconductors. The 
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current-voltage characteristic may still be exponential but 
the slope (or n.T.) remains constant with temperature. 

In J vs V characteristics therefore show a nearly parallel shift 
and th.j uffoct of tomporaturo is small. Field emission can how- 
ever bo noglGctod at high (room) tomperatures and for non . e 

generate semiconductors. 

(vi) In case of thermionic field emission, the J-V characteri- 
stics will bo exponential but the diode ideality factor n and 
tho slope of In J vs V plot, n.T., will be a nonlinear function 
of T. Tho activation energy plot of In vs ^ will be non- 
linear but In Jq vs ^ will be linear. Hence, this can be 
easily distinguished. 

(vii) Multistep tunneling also results in exponential J vs V 
characteristics. However, as mentioned earlier the slope of 
In J vs V plot, n.T, remains constant with temperature. As in 
case of field omission, In J vs V characteristics will show 
nearly a parallel shift and the effect of temperature will be 
smaller compared to that expected due to other mechanisms. The 
most striking feature of multistep tunneling mechanism is that 
In is not a linear function of ^ but is a linear function 

of T. Multistop tunneling also results in considerably 
higher than those expected from other mechanisms. Value of A 
is generally found botvi/een 20 and 30 V ^ while that of B is 
found between 0.04 to 0.07 °K ^ [8,21,24]. 
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3.2.3 Effect of Deep Lovol Traps 

Figure 3.2(a) represents the energy band diagram of the 
silicon space charge layer containing, in addition to the 
shallow donor levels, a number of deep lovol traps, under 
reverse bias condition. Charging/discharging takes place 
at any particular trap lovol, when the electron quasi-Fermi 
level, Epg, at a point X^, is in the neighbourhood of a 

1 K 

donor trap level, and/or the hole quasi-Formi level, Epg, 

at a point X^, is in the neighbourhood of an acceptor trap 

level, Ej^* Any charging/discharging adds to the capacitance, 

irrespective of whether the trap is a donor or an acceptor. 

When both kinds of traps are present, the resultant slope of 
-2 

C vs V plot relates to the sum of tho densities of all traps 

-2 

and tho shallow dopant# In other words, the slope of C vs V 
plot will not reflect any corrponsation taking place# The 
response of a trap, located at a certain point in tho space 
charge layor, to an ac signal, will depend upon a number of 
factors. As mentioned earlier, the response will be significant 
only if the relevant quasi-Fermi level is in tho vicinity of 
tho trap level# Secondly, there will bo an equilibrium fre- 
quency, below which tho traps will bo able to follow the 
applied ac signal, and above which tho traps will not respond 
to tho signal or respond only partly# If there are a number 
of trap levels distributed over the bandgap, it follows, that 
at an intormediate frequency, some trap levels will follow the 
signal, and tho others will not* 






126 


If the trap densities are uniform over the space charge 

layer and are comparable to the shallow doping density, then 

charging/discharging at the traps will influence the space 

charge capacitance in the following manner. We first consider 

that the space charge layer contains just one donor trap level, 

Ejd Figure 3.2(a), and assume that it has a density 

that this trap can completely follow the ac signal, and that 

the electron quasi— Fermi level is flat up to the silicon 

surface. If wo begin bending the energy bands in silicon 

downwards (depletion region) from the flat band condition, 

then, initially the slope of vs V plot will relate only to 

the donor density N^, and will not reflect the trap density, 

until the increasing band-bending brings the trap level 

in the vicinity of the electron quasi-Fermi level at the 

silicon surface. For a bias which will increase the band- 

“2 

bonding further, the slope of C vs V plot will bo smaller 
and will relate to the density (N^ + Njq) • If instead of a 
single donor trap, a number of donor trap levels are present, 
and tile other assumptions mentioned above remain valid, then 

each time the electron quasi-Fermi level intersects a new trap 

-2 

level at the interface, the slope of C vs V plot will change, 
bocorac smaller, and will relate to the density (Nq + ? 

whore the sum includes densities of all the donor traps whose 
levels are higher than Epg at the silicon surface. The 
behavior of C”"^-V, however, becomes more complex when a number 
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of both donor and acceptor trap levels are present, when the 
quasi-Fermi levels are not constant throughout the space 
charge layer, and when the ac signal frequency is in the inter- 
mediate range, such that only a part of tho traps can respond 
to it. 

As the temperature is increased, tho bulk Fermi level 
moves away from tho majority carrier band. If one compares 

tho energy band diagram of Figure 3.2(b) to that of Figure 

0 

3.2(a), tho former representing the situation at a higher tem- 
po rnture, it becomes apparent that, with increasing temperature, 
n Inrgornumber of trap levels will move above the quasi-Fermi 
levels at tho silicon surface for tho same band-bending. 

Furthei*, the value of silicon band-bending for which all the 
existing trap levels will move above the quasi-Feimi levels 
at tho silicon surface, will be lower at a higher device 

-2 

tomporaturo. This feature is likely to reflect in the C vs V 

characteristics in the following manner. At lower temperatures, 

-.2 

the traps will cause the reverse C vs V characteristics to 
change slope and have a smaller slope with increasing reverse 
bias, hut, above a certain temperature, the reverse characteri- 
stics with exhibit a single but smaller slope. 

3.3 EXPERIMENTAL DETAILS. 

3.3,1 Sample Fabrication 

Silicon-tin oxide ho tero junctions were fabricated on n'''n 
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epitaxial wafers ^ obtained from Monsanto Company with ( 100) 
surface orientation. The epitaxial layer was 9 microns thick 
and had a resistivity of about 1.0 Ohm—cm. The wafers were 
degreased in warm trichloroethylene, in warm acetone, ultxa- 
sonically cleaned in acetone, and finally degreased in warm 
methanol. After degreasing, the wafers were rinsed in 
deionized water having a resistivity of 12-14 M ohm-cm, etched 
in HF^and again rinsed in deionized water. All the solvents and 
acid used were electronic grade. The wafers after rinsing were 
dried in filtered dry oxygon gas at the mouth of the furnace 
and iramodiatoly introduced into the thermco resistance-heated 
furnace. Oxidation was carried out in dry oxygen at llOO^C 
for 30 min at atmospheric pressure. This oxidation was a part 
of the wafer surface cleaning and the wafers were then etched 
in HF and rinsed in deionized water. They wore then ultrasoni- 
ccilly cleaned in acetone, etched in HF and finally rinsed in 
deionized water. This elaborate wafer cleaning procedure was 
founc! necessary to obtain tho wafer surface free from any 
silicon dust which was observed on the wafer surface after 
wafer escribing and could not be removed by degreasing or ultra- 
sonic cleaning. 

Iniraodiately after surface cleaning, the wafers were 
placed horizontally on a quartz boat with molybdenum mask, 
having holt.^s of 2-3 mm diamotorjOn their surface to define tho 
area of tho diode. Tho boat was introduced immediately into 
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the chemical vapor deposition setup and Sn 02 film was 
deposited on silicon substrate as discussed in details in 
Section 2.3* Molten SnCl^,5H20 at 93°C and deionized water 
at 2.3 c were used as source material for depositing undoped 
3n02 films while antimony doping was carried out with\the 
help of molten SbCl 2 source at 93°C. Nitrogen was used as 
the carrier gas and the substrate temperature was maintained 
at 300*^C» The nitrogen flow rate through the Sn source was 
typically 550 cc/min, while that through deionized water was 
1250 cc/min. In case of doped films, nitrogen gas was 
bubbled through molten SbCl^ at a rate of 0-40 cc/min. 

Although the same furnace was used for depositing both 
undopod and doped tin oxide films, different sets of furnace 
tubes, boats, masks and other attachments were employed in the 
two cases. Deposition was typically carried out for about 
60 min. An intorfacial oxide may have grown oh the silicon 
surface before Sn 02 deposition, however, this oxide was not 
optimized and its thickness should be less than 20 ^ as 
indicated bv O-V moacuroments. After chemical vapor deposition 
af tin axlde, the front surface of the devices was masked with 
Api( zan WAX and the oxide layer from the back of tho hetero- 
junction sainplos was otchod in HF and rinsed in deionized 
water. The Api azon wax was removed in warm trichloroethylene 
and the ho toroj unctions wore degreased in warm acetone and 
in warm methanol. The samples were then introduced into an 



130 


oil— free high vacuum system and aluminum was evaporated from 
a filament source to form back ohmic contact on the silicon 
substrate* The chamber pressure during evaporation was 
1x10 torr. Aluminum of 5 n purity was thoroughly degreased 
before- loading into tho filament source for evaporation. 

Mo metal contact pad was deposited on the tin oxide dots of 
tho ho tero junctions. 

3.3.2 Electrical Measurements 

Electrical moasuroments woro carried out at a number of 
tomi)oraiuros in tho range of 294-394°K. The samples were 
placed on a gold plated copper block inside a light and 
olv.-ctrically shielded box because of their high sensitivity 
to light, Tho ten^^oraturo of tho sample could bo varied with 
a heater built-in to the copper block and the same could bo 
controlled within + 0.5°C with the help of temperature con- 
troller. The tomporaturo was measured v\/ith tho help of a 
chromei-alumol thermocouple. Electrical contact to the 
semiconductor substrate was made through the copper block on 
whuii the sample was placed while contact to tho tin oxide 
dot was made with the help of a gold plated sharp pointed 
ti-lesce 5 ).]c: spring probe mounted on a micromanipulator. Tho 
diode current-voltage (I-V^ characteristics of tho hotero- 
j unctions wore recorded in dark with the help of a Keithley 191 
digital multimeter, a Keithley 610 C electrometer, and a finely 
adjustnblo dc power supply. The capacitance-voltage (C-V) 



131 


ch3r3c teri stic s of the diodes were nieasured, in darkj fox 
reverse bias, with the help of a General Radio 1616 precision 
capacitanco system, a Keithley 616 digital electrometer, and 
an adjustable dc power supply. The small ac signal frequency 
was in the range of 50 kHz to 400 Hz. The area of the diode 
was carefully measured under Unitron optical microscope. 

3.3.3 Data Analysis 

The diode current-voltage characteristics at different 
toinporaturos wore plotted on a semi logarithmic graph resulting 
in in I vs V curves. From the linear portion of these curves 
in intermediate voltage regime, the diode quality factor, n, 
and from extrapolation of the linear regions, the zero-voltage 
diode current density intercept wore calculated at each 
tomfjcrnturc of moasuremont. The current density intercept, 

VMS plotted ns a function of T“^, and also as a function of T 

on Gomilognrithmic graphs, in order to identify the carrier 

-1 

tr‘’nsport mechanism. If In was a linear function of T , 
hhu activation energy was calculated from its slope. was 
» tn.L'd t>i cnlculnto oquivnlont thermionic barrier height, 

' '*'■ 'dffc'rent tomporaturos « If In was a linear fun- 

ction f T, then assuming multistep tunneling as the dominant 
tranaport mechanism, the values of constants A and B in 
Equation (3.17) were calculated. 
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measured was 10 kHz. At higher frequency the reverse condu- 
ctance became too high to be balanced on the bridge. The 

-2 

C vs V characteristics are also linear at the temperatures of 
measurement. The experimental data obtained for heterojunction 
CNT 15 from Figures 3.3 and 3.4, i.e., the zero-bias current 
density intercept the ideality factor n> the equivalent 

thermionic barrier height the silicon donor density 

the bulk Fermi level 0 ^, and the zero-bias silicon band-bending 
4?, have been summarized in Table 3.1. Figure 3.5 illustrates 
the dependence of In on T and Figure 3.6 shows the 
behavior of In with T. 

It appears from Figures 3,5 and 3.6, that for sample CNT 15, 
In is more linear with T*"^ than with T. The activation 
energy obtained from the slope of In vs t”^ plot came out 
to be 0.58 eV, which is about half the silicon bandgap. On 
the other hand, Table 3.1 indicates the uncorrected barrier 

m 

height, ^ + 0^, obtained from c” -V characteristics, to 

bo in the range of 0.97 - 0,89 eV, which is much higher than 
the activation energy of 0.58 eV obtained from Figure 3.5, 
Further, the thermionic barrier height equivalent, of 

came out in the range of 0,84 - 0,87 oV, c.f. Table 3.1, 
These features and the fact that the diode quality f actor, n, 
is in the range of 1.65 - 1.78, would seem to rule out ther- 
mionic emission or minority carrier injection to bo the likely 
dominant mechanism of carrier transport across the silicon 


% 



Table 3.1 s Experimental data of sample CNT 15 (undoped Sn 02 “pSi 
hetero junction) obtained from measured I-V and C"^“V 
characteristics. ■ The doping density calculated from 
the slope of plot is s Nj-^= 6 . 0 xl 0 lS' cm”3. 

is thermionic barrier height equivalent calculated 
from J 
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3,5 Measured J vs X/T, on a semiXogarithaiic graph* of 
«aapX«s CUT X5 and CNT 10 
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barrier. The experimental data of sample CNT 15, on the basis 
of discussion in Section 3.2, on the other hand, indicate the 
most likely transport mechanism to be recombination-generation 
in the space charge layer. The effective minority carrier life 
time [28], (where n^^ is the intrinsic carrier 

density and the zero-bias space charge width), calculated 

—A 

from comes out to be 1.1x10 °S. 

15 —3 

The value of 6.0x10 cm obtained for the doping density 

—2 

from the slopes of the C vs V characteristics of Figure 3.4 
do not reflect any noticeable change with temperature and is 

close to the value of 5,0x10 cm which corresponds to the 

-2 

bulk resistivity of 1.0 Ohm. cm. The single slope of C vs V 
characteristics indicate that the deep level trap density is 
small compared to the shallow level donor density, Nj-j. The 
decrease in the zero-bias silicon band bending, W?, with 
increasing temperature, as represented by the measured data of 
Figure 3,4, can bo partially accounted for by the increase in 
the bulk Fermi level 0^, However, still the sum (^? + 0^) is 
not constant, but decreases with increasing temperature, 
cf. Table 3.1, 

According to the energy level diagram of Figure 3.1, one 
can obtain for the zero-bias silicon band-bending i 


=[(X_ “Xc-)/J-0 - - V° 

1 To Si 'qf n n ox 


( 3 . 20 ) 
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where ^1•Q» tin oxide and silicon electron affinities, 

respectively, 0^ is silicon bulk Fermi level seperation from 
majority carrier band edge^ vyhile 0^^ is tin oxide bulk Fermi pot- 
ontial,and is the zero-bias potential across the inter- 
facial SiOjj layer. According to Equation (3.20), if (^xo^^Si^ 
can be considered independent of temperature, then the tempera- 
ture dopendonce of f ? can be the consequence of change in 
0^f 0^ and Vqjj with temperature : 


0 
^ i 


d0^ 


cl0j° 

i n 

•T T 


OX\ 

g^) 


(3.21) 


The amount of change of 0^^ with T is shown in Table 3.1, and 
d0 

gy-l is positive. The tin oxide Fermi level at is related 
to its electron concentration, n^, in the following manner[293 

(3.22) 

whore ti =® , h is Planck's constant, and m^ effective mass 

of conduction electrons in tin oxide. 0^^ can be calculated 

if n„ in tin oxide is determined experimentally. The tin oxide 

® TO 

Formi iovol at a given temperature T is related to 0^.^^ in 

the following manner [29] : 

Equation (3.23) indicates that is negative. Although 

one cannot find unless n^ is determined, a rough 
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x 

estimate shows that the change in 0 ^ over the temperature 
range 294-374°K would be only a few mV and hence this compo- 
nent can be neglected in Equation (3.21). The third coijiponent 
in Equation (3.21), namely (dV° /dT) can be calculated only 

w A. 

if the corresponding change in space charge density 6Q „ and 
in interface charge density 6 ^ are known. However, by 

JL O 

putting the values of and 60^ from Table 3.1 for the 

temperature range of 294-374^K, it is estimated that 
increased by about 0.08 V as temperature increased from 
294 to 374°K. 

3.4.2 Characteristics of Sb Doped Sn02/n~Si Heterojunctions 

Figure 3«7 presents the diode current-voltage characteri- 
stics of sample CNT 10, a typical heterojunction between n-Si 
and antimony-doped tin oxide. Those characteristics were 

measured at device temperature of 294,314,334,354,374 and 
0 -2 

394 K. The C vs V characteristics of this sample, measured 
at the same temperatures, have been depicted in Figure 3.8. 

For this he teroj unction , the highest frequency at which the 
reverse C-V could be measured was 50 kHz* The experimental 
data obtained from Figures 3.7 and 3.8 have been summarised in 
Table 3.2. Figure 3.5 depicts the behavior of In Jq with T ^ 
and Figure 3.6 with T, respectively. 

The forward diode current of heterojunction CNT 10, also, 
is found to- be an exponential function of the applied bias^,^ 
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the intermediate voltage regime. However, the characteristics 
of Figure 3.7 differ significantly in many respects from those 
of device CNT 15 in Figure 3.3. Most clearly visible is the 
feature that the slope of In I vs V in Figure 3l7 is more or 
less invariant of the diode temperature. In other words, n 
decreases strongly with temperature so that the product n.T 
remains more or less a constant, cf. Table 3.2. In contrast, 
the slope of In 1^ vs V is Figure 3.3 decreases with 
increasing! temperature such that n more or less remains con- 
stant, cf. Table 3,1. The value of n at T = 294°K as 1.65 
indicates the dominant mechanism in case of sample CNT 15 as 
recombination-generation. For diode COT 10, the value of n is 
still higher at room temperature, i.e., n = 2.31. Further, 
the characteristics of sample CNT 15 in Figure 3.3 are more 
temperature sensitive than those of sample CNT 10 in Figure 3.7 
and the reverse characteristics of sample CNT 15 are more vol- 
tage-sensitive than those of sample CNT 10. Lastly, in case of 
sample CNT 10, as Figures 3.5 and 3,6 indicate. In is a 
linear function of T instead of t”^ as in case of CNT 15. ; 

The above features of sample CNT 10 indicate that an 
activated process such as thermionic omission, minority 
carrier injection, or recombination-generation is not involved 
in carrier transport in this device, but the most likely i 

mechanism appears to be trap-assisted tunneling (multistep 
tunneling). It is interesting to note that both the 
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mechanisms of multistep tunneling and recombination-generation 
require the presence of traps in the space charge layer* Recom- 
bination-generation, however , indicates presence of single level 
traps while multistep tunneling requires multilevels of traps 
distributed in the space charge region. A large density of 

traps (comparable to donor density), if present, is expected 

-2 

to reflect itself in the reverse C vs V characteristics of 
the device, specially at low frequencies and at high tempera- 
tures. Figures 3.4, 3.8 and Tables 3, 1,3.2 show that, like 

-2 

in the case of I vs V characteristics, the C vs V characteri- 
stics of sample CNT 10 also deviate significantly from those 
of sample CNT 15. Worth noting are the following features : 

(i) The C vs V characteristics of sample CNT 15 can be 
represented by one straight line. But, those of sample 
CNT 10 have to be represented by two straight lines at 
temperatures of 294,314,334 and 354 °K, while the same at 
374 and 394 can be represented by one straight lino. Where 

the characteristics have two slopes, two values of doping 

12 1 
density, N^ and Nq , have been given in Table 3.2, Nq being 

the density at smaller values of the reverse bias. It may be 

noted that in the temperature range of 294 -354 °K, Nq^ is 
2 1 

same, while N^ keeps increasing. Nq therefore corresponds 

2 

to the donor density while N^ has contribution from deep 


level traps also 
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(ii) The decrease in the value of ’i' ? with increasing 
temperature is much larger in case of sample CNT 10 than 
in case of sample CNT IS, i.e .5 6i;? is - 0.29V in the 
temperature range of 294 ~ 394°K in case of sample CNT 10, 
while for CNT 15,6^? is •■0.14 V in the temperature range of 
294 “ 374^I<.. The corresponding change in the Fermi level, 
60 ^> in case of sample CNT 10 is only 0,09 V, so only a 
minor part of the decrease in can be explained by 6 9^^. 

It therefore appears that V° in case of CNT 10, cf. Equation 
(3.3), increased by about 0.20 V over the above temperature 
range, compared to about 0.08 V for CNT 15, indicating a 
higher change in space charge density, 6Q_„, and/or there 
interface charge density* with rise in temperature, for 

antimony doped Sn 02 “Si ho tero j unc ti on , compared to undoped 
Sn 02 “Si hetero junction. 

(iii) It appears from Tables 3.1 and 3.2, that the room 

tc'i.iperature (294°K) hetero junction barrier height, 

-2 

obtained from 'the 0 ' vs V characteristics is higher for 
CNT 10 than that for CNT 15 by about 0,11 V. However, the 
zero-bias current density intercept is higher for CNT 10 
than for CNT 15. This is another indication that the mecha" 
nism of carrier transport is likely to be different in the 
two devices. 
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3.4.3 Response of Deep Level Traps 

The role of deep level traps has been discussed in 

Section 3.2.3. Figures 3.4, 3. 8 and Tables 3. 1,3,2 indicate 

the presence of a considerably large number of traps in the 

silicon space charge layer of sample CNT 10 than in the same 

of savnple CNT 15. To confirm this indication, the reverse 
-9 

C vs V characteristics of samples CNT 10 and CNT 15 were 
measured at lower frequencies of 1 kHz and 400 Hz. 

Figure 3,9 contains the measured lower frequency reverse 

“2 

C vs V characteristics of sample CNT 10. • For comparison , 

**“2, * o 

the 50 kHz C vs V characteristic measured at 294 K has also 

been included. This figure illustrates the differences 
between the characteristics, measured at 294°K, but 
at 50 kHz, 1 kHz and 400 Hz. In dark, 1 kHz chara- 
cteristic is seen to deviate from the 50 kHz chara- 
cteristic, while the 400 Hz characteristic deviated even 
further. The undulations observed in the 1 kHz and 400 Hz i 
characteristics of sample CNT 10 measured at 294°K, could be 
related to what Roberts and Crowell [30] had predicted, on the ; 
basis of a theoretical analysis, to bo duo 'to rapid variation 
in the surface charge' density with silicon band-bending, when- i 
ever the quasi-Fermi level intersects a trap level at the 
surface. The 1 kHz characteristics measured at 354 and 374°K 
do not exhibit any undulations, but, a single slope. Moreover, i 
these two characteristics are very close to each other with the; 
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same slope, and can be seen to deviate very rtrongly from the 
50 kHz characteristic measured at 294°K. W’ on compared to 
tho 50 kHz characteristics of Figure 3.8, me.' sured at 354 and 
374°K respectively, it appears that those ch racteristics have 
considerably smaller slopes but about tho sa?’ o intercepts ,c . f . 
Table 3.3. 

-2 

Tho above features of the low frequency reverse 0 vs V 

characteristics of sample CNT 10 and existance of two slopes 

in high frequency C~^ vs Y characteristics at 294‘^K, confirm 

tho presence of a large density of traps in the surface region 

of silicon. The characteristics of Figures 3,8, 3.9 also 

indicate that the response of the traps to the ac signal 

increases with decreasing modulation frequency and that deep 

multilevel traps axe present, some of v/hose equilibrium 

-2 

frequencies may bo veiy low. The C vs V characteristics of 
sample CNT 15 measured at 1 kHz and 400 Hz and at 294 and 
354°K, on the other hand, were observed not to deviate appreia 
bly from those measured at 10 kHz indicating lower density of 
deep level traps coppared to those expected in case of sample 
CNT 10. 

It is important to state that, for both the samples 

CNT 15 and CNT 10, the temperature-bias stressing, in the 

-2 

temperature range for which tho Iq vs V and C vs V chara- 
cteristics have been presented above, did not bring about any 
detectable physical change in the heterojunctions. To ensure 



able 3.3 ; Experimental data obtained on device CMT 10 from C ^ [V,f] 
characteristics 


151 


H 


N 

tH 


O -ri 


l> 

vO 


CO 

vD 


N 


X 


O 

lO 

vO 


O ■ ^ 

«• 

lO I O 

o 


N1 



kL; 

H 


l> 



o 

l> 


r—l 


ft 

« 



t 

i 

lD 

lO 



1 



CO 

i 


i 



\ 

cm 


1 

1 



iD • 


CN Q i 

00 

iT) 


rH 


I 

0 


o 


1 



< — 1 


! 

1 

! 

! 

in 




i 

vO 


X 


i 

1 

m 




I 

G^ 



50 

r-l Q 

CM 

ft 








y: 


lO 

CO 


co 



152 


this, after the measurements wore completed at the highest 
temperature, the room temperature measurements were always 
completely repeated, besides partial checks at other terapera™ 
ture s . 

It is not clear from the results obtained so far what 
the physical or chemical nature of the traps could be. From 
the fact, that a much larger density of traps are present 
in case of hotoro junctions with doped tin oxide layers, one 
may be led to believe that at least some of the trap levels 
are related to antimony. However, if present in silicon in 
the olomental form and if occupyinga substitutional site, 
antiraoney will create a shallow level. Viihatever bo the exact 
chemical/physical origin of the various trap levels, it 
appears that at least some trap levels may be the consequence 
of extrinsic chemical impurities diffusing into the silicon 
surface region through the tin oxide layer during chemical 
vapor deposition. A fact which seems to have a bearing on 
this aspect is that during deposition of antimoney“-doped tin 
oxide layers, a much larger amount of by-products were observed 
than in case of undoped tin oxide layer deposition. If a 
majority of traps are related to the by-products, then, the 
above fact could explain the presence of a much larger density 
of traps in case of hotoro junctions with doped tin oxide 
layers . 
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3.4.4 Carrier Transport 

The following trend seems to emerge regarding carrier 
transport across the transparent conductor-semiconduc tor 
hetero June tion on the basis of results obtained in the present 
investigation and information available in literature [3~8,14, 
20] , At lower temperatures, irrespective of the magnitude of 
the surface barrier height, the mechanism of field emission 
(direct tunneling) or thermionic field emission (thermionic 
tunneling) across the barrier can be expected to dominate 
carrier transport. At room temperature or higher, if the 
barrier height is not large, i.e., it is considerably lower 
than the silicon bandgap, thermionic emission can be expected 
to dominate carrier transport. On the other hand, if the 
barrier height is large and the trap density is low enough, 
then minority carrier injection can be expected to dominate 
carrier transport. However, if the barrier height is large 
and the trap density in space charge layer is moderate, then 
recombination-generation is likely to dominate, while in case 
of large density of traps, i.e., of the order of dopant density, 
multistep tunneling (trap assisted tunneling) may dominate. 

Kato et al [6] are amongst early investigators of 
Sn 02 /n-Si hetero junctions. They deposited tin oxide layers by 
spray hydrolysis at 300°C. They concluded thermionic emission 


as the dominant transport mechanism on the basis of activation 
plot resulting in medium barrier height of about 0.69 eV. 



154 


HovyevGr, the diode quality factor, n, was 1.68 at 298°K whose 
value inoreased with temperature. It appears that apart from 
from thermionic amission, some other transport mechanism, like 
recombination-generation, may also have contributed to carrier 
transport. Such superposition of the current components has . 
been reported on MOS diodes also [l7]. 

Nagatomo et al [7] also used spray hydrolysis for fabri- 
cation of SnO^^/n-Si hetero junctions ,but at a deposition tern- 
perature of 600^C. Their measurements indicated a barrier 
height of about 0.77 eV at 300 °K. The diode quality factor, n, 
at room temperature was 1.9. Over a certain temperature range, 
the slope of In I vs V characteristics, i.e., the product n.T, 
was found to be independent of temperature. On the basis of 
these informations, they concluded that the dominant current 
components were due to recombination-generation and due to 
tunneling via interface states. They attributed the latter to 

lattice mismatch and impurities. Nagatomo ot al also found the 
-2 

10 kHz C vs V characteristics to exhibit varying slopes and 
the voltage intercepts decreased with temperature by about 
0,50 V over a temperature range of 199°K, a change too large 
to be explained by 6 Based on our results and discussion or 

sample CNT 10, it appears that the dominant transport mechanism 
in case of samples prepared by Nagatomo et al might have been 
multistop tunneling. Information on variation of In J° vs T ^ 
and T could have helped in this matter. 
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Fong et al [5] fabricated SnO^/n-Si hetero junctions by 
electron beam csvaporation of tin oxide followed by post- 
deposition annealing in air at 300°C. From reverse C vs V 
characteristics j they obtained a ' large barrier height of about 
0.87 V anci their In J vs V characteristics exhibited temperature- 
independent slope, i.e., n.T. was constant, in the temperature 
range of 274~357°K. They also obtained a very high value of 
diode quality factor, n, around. 3.4. These facts suggest that 
the traps generated during electron beam deposition may have 
resulted in some trap assisted mechanism like multistep tunnel- 
ing as the dominant transport mechanism, though this aspect 
was not investigated by them. They however seem to have 
arrived at a wrong conclusion that thermionic emission v;as the 
dominant current transport mechanism. 

Ashok et al [3] fabricated In^O^/n-Si heterojunctions by 

spray hydrolysis of indium oxide at 400°C. They obtained a 

-2 * 

barrier height of 0.95 eV from the reverse C vs V characteri- 
stics. The In J vs V characteristics showed a temperature 
independent slope implying product n.T. to be constant. The 
In vs T plot was found to be linear. On the basis of these 
facts, Ashok ot al concluded the dominant transport mechanism 
in their devices to bo multistep tunneling. 

Kar et al [34j compared the characteristics of an MOS 
diode fabricated on Wacker polycrystallino silicon with 
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In202/n™Si hGtoro June tions . They found many simi lari ties 
botwoen the characteristics and concluded multistop tunneling 
as the dominant transport mechanism in both cases on the 
basis of temperature “independent slope of the In J-V plot, 
a weak dependence of diode current on temperature, a linear 
relation between Ir and T and a largo doc re as o in ? with 
T than what can be accounted for by the corresponding change 
in 0 or 0 . A detailed investigation of carrier transport 

i 1 [J 

mechanism in MOS diodes on single crystal and polycrys tallino 

silicon, by Kar et al [25] revealed that thermionic omission or 

/ 

minority carrier injection played the dominant role in carrier 
transport in case of the devices fabricated on single crystal 
silicon yVvhile the devices on polysilicon shov\/ed either multi-' 
step tunning or a combination of thermionic emission/minority 
carrier injection and multistep tunneling ^depending on the 
type and density of imperf ections/grain boundaries in poly- 
silicon . 

Chang and Sites [S] fabricated In^O^/p-Si heterojunctions 
by ion beam deposition of indium, oxide o On the basis of tem- 
po rature-indopendent slope in In vs V curve, i,e. constant 
n.T, and linear dependence of In J^ori'T,they concluded the 
carrier transport to be dominated by trap-assisted tunneling 

(niultistop tunneling). Further, their measured high frequenc'^ 
~o 

C vs V characteristics exhibited slopes varying v/ith reverse 
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voltage and also with temperature. The voltage intercept 
decreased v;ith temperature by about 0,49V in the range of 
200"400°K v/hich cannot be accounted for by the corresponding 
change in 0 . 

P 

Ghosh et al [4] prepared SnO^-nSi and Inr^O^-nSi hotoro-" 
junctions using spray hydrolysis at 400°C. The In J vs V 
characteristics of their devices showed tvi/o slopes giving 
diode ideality factor n-^ > 2 at low and moderate forward 
voltages and n 2 1 at high forward voltages (greater than 
0.7 V). The reverse saturation current corresponding to 


n 


6 


2 


1 

,2 


in low bias region Vi/as of the order of 1x10 A/cm” while 


Jq corresponding to n 2 in high bias region- was of the order of 
““11 2 

1x10 A/cm . They have attributed the current at low bias 
region duo to thorraionic emission since Jr = A T Gxp(“- , 

O iv I 

assuming 0 ^ 0.8 eV, gives reverse saturation current of the 

-6 

ardor of 1x10 A. Similarly they have attributed current at 
high forward bias region to minority carrier injection since 
= p^ q D^/L^ can justify tho order of magnitude of cujrrent 


P P 


— 1 1 

obtained ( ~ 10~ A/cm ). In the absence of detailed I--V and 


C--V analysis at different temperatures, they seem to have 
arrived at doubtful conclusions. Tho current at high bias 
may have been due to thermionic emission of minority carrier 
injection. However, large value of nj suggests a different 
transport mechanism at low bias. This could have been due to 
tunneling or recombination process. 
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The thermal and optical degradation of these devices has 
been studied by ivlaruska et al [9]. It has been reported that 
upon extended periods of exposure of these cells to UV light, 
the open circuit voltage degraded by about 'oyi while the short-" 
circuit current and fill factor remained sarnoo This could be 
reversed with the help of low temperature annealing 
(100 < T < 200*^0). The dark J vs V characteristics have been 
reported to change due to this optical degradation ‘such that 
increased initially and then saturated while n^^ remains 
same. V accordingly decreased and then saturated. The 
optical degradation is attributed to photo emission of electrons 
from Si to Si02 conduction banci which are trapped leaving 
charge redistribution at Si~Si02 interface. The change in 
due to UV exposure , which causes radiation damage^* introduces 
traps in depletion region and its reversibility due to annealing 
also indicates that the current at low bias may be due to recom- 
bination and tunneling processes, instead of thermionic 
emission as concluded by them. They have also found that if the 
devices are heated to more than 300 '^C, irreversible changes 
take place in dark I vs V characteristics. The slope of the 
I-V curve at low bias changes and n^^ changes from about 2.7 to 
unity. Once n^ becomes close to unity, no further degradation 
takes place. The open circuit voltage reduces drastically and 
short-circuit current and fill factor also reduce. They have 
found this effect to be more predominant in SnOp devices 



159 


compared to In^O^ devices and have attributed this to chemical 
change in SiO^ layer in presence of SnO,^ arising from oxida- 
tion of SiO^ to form Si02 and reducing Sn02. If, this is true 
then the observed degradation can be explained in terms of 
changing of the structure with insulating interfacial layer to 
one that has a conducting interfacial layer (duo to presence 
of Sn ion) making it similar to Schottky barrier device. 


V/erthen et al [3l] prepared Sn doped In202““pCdTe hetero- 
junction solar cells formed by o-beam evaporation with 


efficiency of 10. 5?^. InpO^ layer thus formed was initially 
opaque and became transparent after heat treatment in air. 
In J vs V of these devices showed a straight line and n was 


generally between 1.5 to 2.0, As deposited device showed 

"“8 ? 

n ~ 2.0 and 10 A/crn", while after the heat treatment n 

reduced to 1,5 and J increased to 10 A/cm’. The V_- was 

2 

found to be reduced duo to heat treatment. l/C vs V measur<^-* 
ments revealed the barrier height as 1.0 oV for opaque film 
and 0.7 eV for transparent film. The lowering in barrier 
height is responsible for increase in J^. On a typical 
device with n = 1.3, J vs V characteristics were measured as a 
function of temperature. Above 293°K n remained constant with 
temperature and they have attributed this to thermally activa- 
ted recombination process. The plot of In vs l/T gave 
an activation energy of 0,76 eV which is comparable with the 
value obtained from l/C^ vs V plot. Below 293'^K the 
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activation energy plot deviated frora straight line and the 
current also became relatively insensitive to temperature 
variation. They have attributed this to tunneling current 
component. Upon studying the change with doping density, 
they found that n increases as doping density is reduced. They j 
have attributed this to a change from thermally activated 
interfacial recombination process to bulk recombination process 
in case of lower doping density. 

As mentioned earlier Riben et al [21,22] fabricated 
nGe-p Gay\s hetero junctions where dominant mechanism was found 
to be multistep tunneling. Donnelly et al [23] fabricated 
pGe-nSi and pGe-nGaAs heterojunctions which showed multistep 
tunneling above a certain temperature and below this tempora- 
turo the current was governed by thermally activated process. 
This they have explained in terms of thermally activated 
recombination process. In this process the majority carriers 
cross the barrier duo to sufficient kinetic energy but get 
recombined at the interface states due to largo density of 
states. This process will result in tho I-V behaviour similar 
to thermionic emission but the current will also depend on 
density of interface states. V/orthen et al [3l] have attri- 
buted current in their devices due to this process. 

Krupanidhi et al [32] studied J vs V and C vs V characteri- 
stics of As 2 Te 2 “Si he terojunctions , They found that at low 
bias, the current changed rapidly but exponentially with 
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voltage but in high bias region the current changed relatively 

slowly though still exponentially. Thus the value of at 

low bias v-ias small while that of n 2 at high bias was large. 

Upon temperature variation ,the slope of In I vs V plot in low 

bias region was found to increase such that n^^ decreased with 

temperature jbut the slope in high bias region remained con“ 

stant. Also In vs 1/T was found to be a straight line in 

2 

low bias region while In vs T gave a straight line in high 
bias region. They have attributed the current in low bias 
region to thermally activated process and tho activation 
energy from in vs 1/T plot was found to be 0,185 eV. The 
current in high bias region has been attributed to multistep 
tunneling process. 

Recent investigations by Zemel ot al [33] on carrier trans 
port in p .GaAs""nGa^Alj_„^As hetero junctions seem to have an 
interesting bearing on tho topic of present work ^though a 
different semiconductor material and nature of junction is 
involved. Liquid phase epitaxy was used for fabrication of 
those he terojunc tions . At low and moderate forward bias, 
they found, in most of the devices, n.T. to be temperature- 
independent and In vs T to be linear. On the basis of these 
they identified the dominant transport process to be multistep 
tunneling and suggested that the traps were introduced during 
processing. It is equally interesting to note that in case of 
a small number of devices, their data on the diode quality 
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factor n and the activation plots indicated the transport 
mechanism to be dominated by recombination at low and moderate 
bias. This probab'ly may be due to lesser number of traps 
in these samples. 

Nielsen [l7] has exarninod current transport mechanism 

in Al-SiO^-pSi devices with oxide thickness around 2oR and 

14 16 ”3 

silicon doping density in the range of 10 -10 cm 

-Ln J vs V characteristics showed two straight lines. At lower 
bias > 1 while at higher bias n 2 1. As temperature is 

increased j,nj^ reduced while n 2 remained constant. The current 
at high bias has been attributed to minority carrier injection 
which has been differentiated from thermionic emission from 
temperature variation of reverse saturation current. They 
have found that as the doping was increased , the current in low 
bias range incroasod while that at high bias reduced. On the 
basis of increase in diode current with doping density which 
can be explained by Equation (3.16), they have concluded 
rnultistep tunneling to be the dominant mechanism at iow bias. 
It is interesting to note that n^^.T in their 'case was not 
constant v/ith temperature. Moreover, rnultistep tunneling in 
case of single crystal silicon MOS devices is unlikely mecha- 
nism [25] . It is therefore doubtful if their devices showed 
multistep tunneling in low bias region. Probably the low 
bias region was dominated by recombination current which 
increase with doping density due to reduction in minority 
carrior lifetime. 
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Table 3.4 suainarizes the experimental data obtained by 
various investigators discussed above as well as during present 
study, which reflect on the carrier transport and presence of ; ; , 
traps in the heterojunction region. The previous discussion 
and an inspection of Table 3.4 reveals that in majority of 
Sn 02 -"Si and In 202 “-Si heterojunctions with a high barrier, trap"- 
assisted tunneling is likely to be the dominant mechanism of 
carrier transport, otherwise recombination-generation may 
prevail. The crucial factor in this context is the generation 
of traps in the active hetero junction region during processing. 
Presence of traps can perhaps be reduced by proper selection of 
processing steps and techniques. -If density of traps can be 
reduced below a critical level, minority carrier injection may 
finally be the dominant transport process with attendant 
increase in the slope of In I vs V curve, i.e.,n will approach 
unity. As Table 3.4 indicates, most of the silicon-transparent 
conductor hetero junctions show high open-circuit voltage due to, 
a high value of surface barrier attained. However, the fill , 
factor is generally poor due to high value of diode ideality 
factor ,n jWhich seems to be typical of trap-assisted tunneling. 
The trap assisted tunneling process, as discussed in Section 3*2 
is given by the expression (3, n) 

Jmt = Jmto exPfAV) 6xp(BT) 
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It is apparent that A = q/rikT and for n ■— 1 its value should 
be 39 V ^ at room temperature. Since A is found to be rauch 
smaller, as Table 3.4(a) shows, where trap assisted tunneling 
dominates, fill factor can be expected to be lower due to 
larger value of n. Therefore, if this current component can 
be reduced by choice of suitable processing, minority carrier 
injection may became the dominant transport mechanism result- 
ing in increase in fill factor. An inspection of Figures 3.7, 
3.8 shows that for sample CMT 10, the voltage shift in the 
In J vs V characteristics for a constant I is 0.257' while the 
decrease in ^ is 0.29'\/ between 294 and 394'^K. This suggests 
that the temperature dependence of reflects the change in 
with temperature. Such a correlation was found also by 
Chang and Sites [S] , 

3,5 CONCLUSIONS 

In case of undoped tin oxide-Si hetero junctions , typical 

In J vs V characteristics exhibited a nearly temperature- 

independent n, and In was a linear function of T”^ resulting 

in an activation energy of about 0,58 e'V, while the barrier 

“2 

height obtained from reverse C vs V plot was 0.97 eV at room 
temperature. These data indicated the dominant transport 
mechanism to be recombination-generation. In case of antimony 
doped tin oxide, In J vs V characteristics exhibited a tem- 
perature-independent slope, and In was found to be a linear 
function of T, on the basis of which the dominant transport 
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process was identified as trap-assis ted tunneling. In case 

--2 

of the undopod tin oxide, the higher frequency C vs V 

characteristics exhibited a single temperature-independent 

slope, and the voltage intercept decreased by 0.14 V with 

increasing temperature in the range 294“374*^K. Further, the 

~2 

lower frequency C (V,T) characteristics did not deviate 

appreciably from those at higher frequency. On the other 

hand, in case of antirnony-dopod tin oxide, the higher frequency 

„.2 

C vs V characteristics exhibited voltage dependent and tem- 
perature dependent slopes, and the voltage intercept decreased 
strongly by 0,29 V,with increasing temperature in the range of 
294-394 K. Moreover, the lower frequency C vs V characteri- 
stics deviated strongly from the higher frequency characteri- 
stics, and exhibited undulations at 294°K, but a single slope 
free from undulations above 354°K. The experimental 0““ 

(V,T,f) data indicated the presence of a largo density of 
multilevel traps in the active he tero junction region of Sb- 
doped Sn02/n"Si devices. The results also indicated that the 
temperature dependence of the multi stop tunneling current is a 
consequence of the decrease in the zero-bias silicon band- 
bonding with T, The dominance of multi step tunneling in SnGp/ 
n-Si heterojunction solar colls, with attendant high value of 
n leads to a lower fill factor F, although Vq^ is generally 
high owing to a large barrier height. Reduction in trap density 
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CFIAPTER 4 

INTERFACE INVESTIGATION USING TRANSPARENT CONDUCTOR- 
OXIDE -SILICON STRUCTURES UNDER ILLUIvttNATION 

4.1 INTRODUCTION 

The Si-SiO^ interface posses electronic defects such as 
interface states, fixed surface charges, ionized traps, and 
mobile ions [l,2]. The interface states are the energy levels 
within the forbidden energy gap at the insulator-serai conductor 
interface which can exchange charges vRth the semiconductor 
bands easily. Interface state investigations have revealed 
a continuous distribution of interface states th3:oughout the 
band gap v»fhich are generally attributed to dangling silicon 
bands at the interface . The density of these states and 
their distribution in the band gap depend on silicon orienta- 
tion, oxidation conctltions , post oxidation heat treatments, 
and various post oxidation processing steps involving energetic 
particles [2], The interface states cause the capacitance- 
voltage characteristics of rnetal (or transparent gate) - oxide- 
silicon structures to deviate considerably from the ideal 
characteristics (assuming no interface states), and they govern 
the performance of all the surface barrier devices to a large 

t 

extent. Fixed surface charges do not participate in change 
exchange but cause a parallel shift of the capacitance-voltage 
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characteristic along the voltage axis* Ionized traps also 
cause a voltage shift of the MOS capacitance-voltage curve, 
while mobile ions cause drift of these -characteristics v\fith 
time [1,2], The mobile ions are generally alkali ions which 
can be minimized by taking suitable care during processing. 
Surface defects (states and traps), their origin, effect of 
various processing steps used in fabrication of modern 
electronic devices on these defects, and reduction of surface 
defects by suitable heat treatment steps, are problems of 
considerable interest, since most of the modern electronic 
devices employ 3i”"Si02 structure. 

Various physical processes like sputtering, e-beam 
deposition, ion milling, ion implantation, electron beam 
lithography, etc. involving energetic par^'icic^’ si'© commonly 
used in modern electronic device processi'ng. These energetic 
particles are known to cause radiation damage, and their 
effect on interface state density distribution needs to be 
studied in detail, so as to improve the performance of these 
devices. The interaction of radiation with thermally grown 
Si--SiOr, interface results in creation of additional interface 
states and build up of fixed positive charges which can mostly 
bo annealed out unless radiation energy is high [3,4], The 
radiation energy is transferred to the Si-O network with 
liberation of electrons and holes. Many of these recombine, 
but most of electrons diffuse away due to greater mobility 
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leaving behind trapped holes near the interface. Thus positive 
fixed charge builds up at the interface resulting in shift in 
flat band voltage. The liberation of electron-hole pairs 
also causes, surface states due to dangling bands. Physically, 
three different processes may contribute to the creation of 
interface states and build up of positive charges at the 
interface. These are atomic displacement, primary ionization 
and secondary ionization [s]. High energy particles, such as 
fast neutrons or massive ions, may physically knock away a 
netv.'ork atom causing atomic displacement. This displaced atom, 
in turn, may knock away other network atoms in its path, until 
it looses all the kinetic energy. This results in a multi- 
tude of broken bonds giving rise to large density of interface 
states, and liberated electron-hole pairs cause build-up of 
trapped positive charges near the interface as explained above. 
The density of these trapped holes is greater near the inter- 
face and their position is influced by the field in the oxide’ 
during irradiation [3]. Ionizing radiations such as ■Y~xaYSf 
energetic electrons, very light ions. X-rays, and UV light, 
transfer energy to the Si-0 network by highly exciting bonding 
electrons, breaking Si-0 network, and creating electron-hole 
pairs. Again the broken bonds create interface states and 
density of trapped holes builds up near interface. This 
process is termed as primary ionization [ 3 ]. Secondary ioni- 
zation results from the interaction of. electrons created by 
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atomic displaceraent and priraary ionization with defects in • 

Si“”0 network, such as OH terminations or Si atoms near the 
interface [3]. This again results in creation of electron- 
hole pairs, increasing densities of interface states and 
surface charges. In addition to generation of interface states 
and fixed surface charges, irradiation by ions, electrons, 
energetic neutral atoms, photons etc. may also cause dielectric 
leakage in Si 02 and build up of mobile charges in Si-SiO^ 
system [4]. Build up of mobile changes may generally bi 
observed in case of bombarding ions due to movement of '■■■: r ■ 

previously immobile atoms in the oxide at room tempera':ure [4], 

The effect of radiation damage produced by various pro- 
cesses, used in modern electronic device fabrication, on 
interface properties, and annealing of those defects are being 
studied for past few years to determine the suitability of 
these processes and subsequent annealing steps [2-13]. Process- 
es involving energetic electrons such as electrcn-beam deposi- 
tion, electron-beam lithography, etc. cause increase in inter- 
face state density and fixed surface charge density due to 
ionization caused by energetic electrons as well as X-rays 
produced [2-9]. Accelerating potential of about 25 keV, 
generally used in electron beams, is too low' to cause atomic 
displacement, but is believed to generate interface states, 
positive trapped charges and neutral traps by ionization 
process. The X-rays produced by electron beam also cause 
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similar damage [3]. Most of these defects can be annealed at 

about 450~550°C in fonning gas or inert ambient [3^5-8], but 

effective removal of neutral traps is reported to require tem- 

peratures in the range of 700“900°C [3,8]. Interface investiga- 

tions using admittance measurements have revealed a peak around 

0.30 oV below conduction band having magnitude of about 

10 cm V 5 which increased and its position shifted towards 

conduction band edge with increase in electron dose [8,10]. 

DLTS measurements have revealed a peak around 0.08 eV below 

conduction band with a very low electron capture cross^-soction 

of 10 ■ cm*" [8]. In addition to damage at the interface, 

electron beam has been found to generate positively charged and 

neutral traps in SiO^ which cause electron trapping. The 

positively charged traps are found to have capture cross- 
-13 2 

section of 10 cm while that in case of neutral traps has 
been found to be lO” cm [6]. The capture cross-sections 
associated with neutral as well as positively charged traps 
in Si02 showed field dependence [6]. Processes involving 
energetic ions like ion milling, reactive ion etching and ion 
implantation also produce interface states and traps. Ion 
implantation may cause interface damage due to all the throe phy- 
sical processes like atomic displacement, primary ionization, 
and secondary ionization, but reactive ion etching generally 
causes damage due to ionization processes [3,ll].- Most of the 
positively charged traps and interface states can be annealed 
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out easily but removal of neutral traps is reported to require 
high temperature [3] « The effects occuring in plasma systems, . 
encountered in plasma deposition or etching processes, are most 
difficult to understand due to variety of energetic particles 
present. Plasmas contain positive ions, negative ions, ele- 
ctrons, energetic neutral atoms, metastable atoms, X-rays, 
ultraviolet rays, etc. [4]. These can cause dielectric break- 
down, interface states, traps, and mobile charges [4]. The 
effect of plasma on interface properties have been studied by 
some investigators [4,12-15], The dielectric breakdown is not 
annealable, annealing at SOO^C is found to remove most of 
interface state and fixed charge degradations, while removal 
of mobile ions is found to require annealing above 900°C 
[4,12], Triode sputter etch cleaning of silicon prior to 
sputter deposition has been found to generate acceptor 
states in p -channel CMOS capacitor with midgap value of the 
order of 1x10^° cm"^ and a peak ( lO^^-lO^^ cm""^ at 

0.20 eV above flat band whose magnitude increased Vi/ith dura- 
tion of ething [l2]. Sputter deposition of metal electrodes 
has been reported to result in a small peak (l-TxlO"^ cm V ) 
below the flat band voltage due to initial exposure of the 
surface to ultraviolet radiation. Sputter etching of metal 
pattern by rf sputtering is reported to reveal a peak slightly 
above flat band whose magnitude depends on the power of sputter- 
ing [l2]. All these defects are easily annealed. Magnetron 
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sputtering system has been reported to give rise to very 
little degradation at Si"Si 02 interface under optimum condi“ 
tions 5 , which has been attributed to an equilibrium between 
creation and annealing of defects due to self heating of 
substrate [l3]. 

Over the past two decadesj the MOS structure has been 
used to great advantage for obtaining very reliable data on 
the interface state density distribution and other surface 
parameters from surface admittance measurements [2,9]. Various 
admittance techniques employed for interface investigations are 
given in texts [l,14]. They, employ either high or low fre- 
quency capacitance measurements [l5~18] or conductance measure- 
ments at various frequencies .[ 19] . High frequency capacitance 
method proposed by Tormen [l5] is useful only if interface 
state density is large but uncertainity about the magnitude of 
the semiconductor depletion-layer capacitance make this method 
unreliable [l]. Low frequency capacitance method proposed bv 
Berglund [16J gives more reliable interface state profile com- 
pared to high frequency method. In addition to these methods, 
the quasi-static capacitance method proposed by Kuhn [l7] com- 
bines measurement of high frequency and low frequency C-V curves 
and eliminates the need for calculating space charge capacitance, 
which is required in low frequency method of Berglund [I 6 ]. How- 
ever, measured high frequency capacitance, even at 1 MHz at 
times ,does not correspond to ideal high frequency curve , which 
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should bo due to only space charge capacitance. Hence, inter-* 
face state density obtained by the quasi-static capacitance 
method may be lower than the actual density of states. These 
capacitance methods do not give correct interface state profile 
near the band edges. Temperature procedure proposed by Gray 
and Brown [l8] gives interface state distribution in the region 
close to the band edges. The capacitance methods involve sim-’ 
pie data analysis and give the sura total of all the states at 
a particular band energy, but do not give any information about 
capture cross-sections of these states, v/nich can help in 
identifying the nature and origin of states. The conductance 
technique proposed by Micollian and Goetzberger [19] gives 
very accurate and reliable results especially for low inter- 
face state densities 10 states/cm / V) in majority 
carrier band gap half. In addition to giving interface state 
densities, the conductance procedure also gives majority 
carrier capture cross-section of states. It can give the 
break-up, if states with different capture cross-sections are 
present in the same region , and can provide interface state 
distribution of each group of states with different capture 
cross-sections. However, the analysis of conductance data 
is quite involved and was the major limitation of this method 
till now. Today powerful tools are available for admittance- 
voltage measurements. The HP 4192A LF impedance analyser 
which operates in the range of 5 Hz to 13 MHz, and can bo 
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easily automated and interfaced with a desk top computer, 
greatly facilitates G-V measurements and related data proce™ 
ssing in a very short time. 

The surface admittance measurements, in almost all the 
cases, were carried out in the dark conditions. Su et al 
[ 20 ] recently suggested that in addition to reducing the 
thickness of oxide layer and using low carrier concentration 
substrates, use of low level illumination at a wavelength that 
creates electron-hole pairs, can be employed to extend the 
capabilities of capacitance and conductance techniques. Though 
they have carried out interface investigation in a metal-thin 
oxide (250 R) ~ silicon structure using a combination of capa- 
citance and conductance measurements under illumination [2l] , 
details of data analysis are not given. Determination of quasi- 
Fermi level separation becomes essential under illumination to 
assign proper band energy to the observed state densities. 
Results of Sher et al [2l] do not mention about quasi-Fermi 
level separation and hence the interface state profile obtained 
by them may not be very reliable. Using the MOS structure v\/ith 
a semitransparent metal, Poon and Card [22,23] have recently 
shown that optical illumination lends the conductance technique 
access to the minority carrier band gap half and to interface 
state capture cross-sections for minority carriers. They have 
determined quasi-Fermi level separation, for a range of illumi- 
nation levels, with the help of involved calculation of the 
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semiconductor space charge as a function of the surface poten- 
tial for each illumination [ 23 ] » 

111. oark , une interface states are expected to exchange 
ciia^ge with the majority carrier band. Information about 
incerxcice s'cates near the minority carrier band edge cannot foe 
obtained by quasi-static technique in dark, especially if they 
have small capture cross-section for majority carriers, but 
these states can be accessed easily under illumination , since 
inversion layer response time greatly reduces under illumina- 
tion. By suitably varying the illumination level, reliable 
interrace state profile over most of the band gap can thus be 
obtaineci by surface admittance measurements. Conductance 
lueasureinenrs under illumination yield electron capture cross- 
section (Cg) of upper half band gap states, and hole capture 
cross-section (ccj^) of lower half bandgap states. These cap- 
ture cross-sections may, differ by orders of magnitude, and 
knowledge of both may help inidentifying the nature of states, 
e.g., acceptor states will have cr^ >> Og. Interface investi- 
gation in case of ultrathin oxides for VLSI applications can 
be carried out in dark by quasi-static technique only at high 
ramp rate due to large leakage current and device drift. A 
large number of states cannot respond to high ramp rates and 


information about them cannot be obtained. In suet 


h cases 


c.apaci tance-voltage and conductance voltage measurements under 
illumination can be used to get interface state profile. 
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Thj transparent conductor“~oxide-seiniconductor (TCOS) 
structure closely resembles the metal“oxide“semiconductor 
(MOS) structure. If the transparent conductor is sufficiently 
conducting,, as generally is the case, its energy bands may be 
assumed to be flat, as in metal. Consequently, energy bands 
will bend in the base semiconductor alone, and the TCOS 
structure reduces to a surface barrier device like MOS. It 
can, therefore, be used to investigate the semiconductor™ 
insulator interface using the above mentioned surface admi™ 
ttancG techniques. In fact, the TCOS structure may prove to 
be a superior tool for interface investigation then the MOS 
structure, especially if optical illumination is employed to 
extend the capabilities of surface admittance techniques. The 
TCOS structure offers the following advantages over the MOS 
structure. It is easier to deposit a transparent conductor, 
typically 2000 X thick, than to deposit a semitransparent 
metal (less than 100 ^ thick) . The semitransparent metal film 
absorbs considerable amount of light, is chemically and stru™ 
cturally unstable, and often its durability is a problem during 
long measurements. None of these problems are encountered in 
case of indium or tin oxide. liVe have demonstrated the suitabi- 
lity of TCOS structures for Si-Si02 interface investigation 
under illumination, by the low frequency capacitance technique 
which is simpler compared to conductance technique [24]. We 
have also presented three simple and direct methods for experi- 
mentally determining quasi-Fermi level separation, from 
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me asuroiiient of either high or low frequency capacitance”- 
voltago characteristics of a TCOS structure in dark and under 
illumination [25,26]. Though the capacitance and conductance 
techniques can bo independently used in dark to get reliable 
data about interface states, we have shown that in case of 
measurements under illumination, both the capacitance and 
conductance data should be used together to get reliable 
inforraation about interface states easily [26]. 

Transparent conductors have been used to fabricate highly 
efficient solid state imaging devices [27“-32] . The performance 
of all these devices is governed by interface defects, and hence 
interface investigation becomes important. All the interface 
inves tigations in solid state imaging devices till now have 
been carried out in dark. Our investigations under illumination 
shov^ existanco of optically activated states whose magnitude 
changes and peak position shifts vjith illumination level [26] . 
Knowledge about interface state distribution under illumination, 
especially for opto--olectronic devices, becomes important in the 
above context. Since transparent conductors can be deposited 
by variety of physical and chemical deposition processes, TCOS 
structures can be used for studying the effect of various 
process, parameters on interface defects. This can be helpful 
in improving the understanding of these processes and deter- 
mining their suitability for modern electron device processihg. 
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The aim of the present investigation was to demonstrate 
suitability of TCOS structure for interface investigation under 
i llumination 5 to obtain interface state profile in TCOS 
structures prepared by spray deposition, chemical vapor 
deposition , and electron™beam depositionjand to study the 
effect of illumination level on the interface state density 
distribution in each case. The main aspect of this investiga-™ 
tion was to establish a simple and reliable interface investi- 
gation technique employing capacitance and conductance mea- 
surements under illumination. Thermally oxidized Si02"Si 
system, without annealing, has been used for the interface 
state investigation. There are two reasons for using un™ 
annoalod samples. Firstly, unannealed samples are reported 
to have higher interface state density and exhibit peaks 
in the profile. Such an interface becomes more useful if a 
technique for the investigation is to be developed, as v^/as 
done in the present case. Secondly, unannealed samples will 
bo a better tool to study various mechanisms involved in tho 
process of deposition, which generate interface states. The 
nature and origin of these states can help in better under- 
standing of the processes.lt has been demonstrated that very 
useful additional information can be obtained by admittance 
data under illumination compared to that obtained in dark. 
Interface investigation has been carried out by the technique 
proposed ?on TCOS structures prepared by above mentioned three 
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deposition processes. The effect of illumination level on 
the interface state profile has been studied in each case. 

To our knov>fledge, use of TCOS structure for investigation 
of the interface states by surface admittance measurements 
under illumination has not been reported so far. 

4.2 EXPERIMENTAL DETAILS 

Transparent conductor-oxide'-silicon structures fabricated 
by spray deposition of Sn doped In202 films, chemical vapor 
deposition of undoped and Sb doped SnO^ films, and electron- 
beam deposition of Sn doped In^O^ films were employed for 
Si-SiO^ interface investigation using admittance measurements 
under illumination. The details of sample fabrication by 
different deposition techniques, and the electrical measure- 
rnonts carried out are given belovi;. Sample fabrication was 
carried out in class 100 clean atmosphere . 

4.2.1 Fabrication of Spray Deposited Sn Doped In202--Si02-Si 
Structures 


These samples were fabricated on n™ and p-type single 
crystal silicon 'wafers, one side polished and other side 
lapped, with (lil) surface orientation, and, having resistivity 
of tho order of 10 Ohm-cm. The wafers wore initially degreased 
in warm trichloroethylene, warm acetone, and warm methanol. 
These 'wero then rinsed in deionized water. After degreasing 
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and etching of intrinsic oxide, the wafers V'/ere loaded on a 
fused silica boat, and oxidation was carried out at 700°C in 
a resistance heated furnace having fused silica furnace tube, 
in dry oxygen ambient. The oxide thickness was kept in the 
range of 0-400 R. Following oxidation, Sn doped In^O^ dots of 
approximately 1.0 rnm diameter were deposited on the polished 
side of the wafer, by spray hydrolysis, using glass shadow 
masks. An alcoholic solution of InCl 2 and SnCl4.5H20, con- 
taining 2.5 SnCi_^, was used as the source for spray 

deposition and the substrates v/ere kept at 400°C. The spray 
deposited samples, v;ithout back metallization, were fabricated 
at Pennsylvania State University and details of spray deposi- 
tion are reported elsewhere [33], 

The polished surface of the wafers having In202 dots 
v\iexe masked with apiezon wax and the samples were etched in 
hydrofluoric acid to remove oxide layer from the back 
surface. Apiezon wax V\;as subsequently removed in warm tri- 
chloroethylene and the samples were degreased again in v/arm 
solvents. Immediately, after back oxide removal, the samples' 
were loaded in an oil free vacuum chamber and the back ohmic 
contacts were deposited by vacuum evaporation. Aluminium was 
used as the back ohmic contact metal on n-type silicon while 
gold was used for the sarae purpose on p-type silicon. 
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4,2,2 Fabrication of Chemical Vapor Deposited Undoped and 
Sb Doped Sn02“-Si02™Si Structures 

These samples were fabricated on n~type epitaxial 
silicon vjafers with (lOO) surface orientation and layer 
resistivity of 1.0 Ohrn-cm. The wafers were degreased in warm 
trcichloroethylene and warm acetone. They were then ultrasoni- 
cally cleaned in acetone, degreased in warm methanol, rinsed in 
deionized water, etched in hydrofluoric acid, and finally 
rinsed in deionized water again. The deionized water used 
during wafer cleaning had a resistivity of 14“16 M Ohm-cm. 

After rinsing, the wafers were dried in dry filtered nitrogen 
gas at the raouth of oxidation furnace. Preoxidation was then 
carried out in a Thermco resistance heated furnace in dry 

oxygen at 1100*^0 for 30 minutes at atmospheric pressure. The 

■( 

preoxidized vjafers were then etched in hydrofluoric acid, 
rinsed in deionized water, ultrasonically cleaned in acetone, 
otched again in hydrofluoric acid and finally rinsed in 
deionized wafer and then dried in dry nitrogen . Final oxida- 
tion was carried out immediately after etching and drying of 
prooxidized wafers in dry oxygen at atmospheric pressure. The 
prooxidation step was a part of wafer cleaning procedure which 
resulted in vmfer surface free from silicon dust v\hich was 
otherwise found on wafer surface after wafer scribing. 

Final oxidation was carried out at 1100°C for 15-30 minutes to 
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obtain oxide thickness in the range of 500 - 800 No post 
oxidation annealing was carried out. Deposition of Sn02 dots 
was done iramediately after oxidation. 

The cheraical vapor deposition set up and details of 
deposition of undoped and Sb~doped Sn02 films on oxidized 
silicon Vv'afers are described in detail in Chapter 2, SnCl^. 

5 H 2 O was used as source for tin, deionized water vjas used ss 
the oxidizing agent, while SbCl^ was used as source for 
antimony in case of doped samples. The tin and antimsny 
sources vjqxq kept at 93*^0 while deionized water was kept at 
23°C. Chemical vapor deposition was carried out in a staidard 
resistance heated furnace at a teraperature of 300°C. ‘Nitrogen 
was used as the carrier gas and the typical flow rates were 
1250 cc/min through deionized water, 550 c:/min throigh molten 
SnCl^^_. 5 H 2 O, and 0-”40 cc/rain through molten SbCl^. Topical 
deposition time was 60 minutes v-;hich resulted in a fi_m thick™ 
ness of about 1000-1500 X, Thin molybdenum masks with circular 
holes of about 2 .0 - 3.0 mm diameter were used to define the 
area of Sn 02 dots on oxidized silicon saiiples. 

Oxide from the back of the wafer was etched in hydro- 
fluoric acid after protecting the front surface Vi/ith apiezon v\/ax 
as described above in case of spray deposited samples. Alumi- 
nium was deposited by vacuum evaporation process using a tung- 
sten filament source to form back ohmic contact on the samples. 



190 


4.2.3 Fabrication of Electron-Deam Deposited Sn Doped 
In 203 “Si 02 -Si Structures 

The starting material were n- and p-type epitaxial 
silicon wafers with (100) surface orientation and layer 
resistivity of 1.0 Ohm“Cm. The wafer cleaning procedure, 
including preoxidation and subsequent oxide removal, was same 
as that described above in case of chemical vapor deposited 
samples. Final oxidation was carried out in dry oxygen at 
1100°C at atmospheric pressure for 30 minutes. No post 
oxidation annealing was carried out. 

Immediately after oxidation, the wafers were introduced 
into the vacuum chamber of a Varian VT-112B ultrahigh vacuum 
system , pumped with sorption, sublimation and sputter-»ion 
pumps. This vacuum system was fitted with a Varian three 
crucible 2 kVJ electron gun. The details of : ■ e“beam deposition 

set-up and deposition procedure are given in Chapter 2. After 

-7 

the vacuum chamber was pumped down to 1.0x10 torr pressure, 

o 

substrate temperature was raised to 300 C and stabilized. 


Filtered dry oxygen was then introduced and the partial pre 

“5 

ssure of ox'^g en was adjusted to 1.0x10 torr. Layers of 


Sn--doped 10200 viexe deposited on the oxidized silicon sulo- 
strates by upward electron beam evaporation from indium oxide 


tablets containing 10 atomic percent tin. The cryo panel was 


chilled by liquid nitrogen during evaporation and a shutter 
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was used to protect the substrate from deposition during 
initial outgassing of the indium oxide tablet. Stainless steel 
crucibles of the electron gun were cooled by chilled recircu- 
lating water. Substrates v>'ere located about 17 cm above the 
InrjOs tablets, and were supported on molybdenum masks in a 
substrate holder. Circular dots of 1.0 rara diameter were depo- 
sited through the molybdenum masks and typical deposition time 
was 60 minutes resulting in the In^O^ film thickness of about 

2000 R. 

The back contact (Al for n-type and Au for p-type- silicon) 
was formed by filament evaporation in a separate Varian VT-112A 
ultra high vacuum system after removal of back oxide from sub- 
strates as described earlier in case of spray or chemical vapor 
deposited samples. 

4.2.4 Electrical Measurements 

Electrical measurements were carried out at room tempera- 
ture with the samples placed in a light and electrically 
shielded box. Contact to the transparent gate vms made with the 
help of a fine tipped telescopic spring probe with tip diameter 
of 0,2 mm. Capacitance-voltage and conductance-voltage chara- 
cteristics were measured in dark as well as under various levels 
of illumination ' over the frequency of 30 Hz - 100 kHz with the 
help of a General Radio 1616 precision capacitance system, a 
Keithley 616 digital electrometer, and a finely adjustable dc 
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power supply. The same at 1 MHz were obtained with the help 
of a Boonton 75D capacitance bridge, a Keithley 191 digital 
multimeter, and a finely adjustable dc power supply. The 
leakage current of the devices were raeasured as a function 
of- voltage with the help of a Keithley 610C electrometer, a 
Keithley 191 digital multimeter, and a power supply. Tungsten 
lamp illumination was used for measureraents under optical 
illumination and the light was allowed into the box through a 
tiny slit. The area of the transparent gate was measured 
under a WILD M8 stereo zoom microscope. 

4.3 INTERFACE INVESTIGATION TECHNIQUE USING ADMITTANCE DATA 
UNDER ILLUvlINATION 


The technique proposed for interface investigation using 
surface admittance data of transparent gate MOS structure 
under illumination, is discussed in this section with the help 
of an electron-beam deposited In^O^-SiOp-pSi structure, sample 
EP0I“7. This sample had an oxide thermally grown in dry 
oxygen at 1100°C for 30 minutes. The capacitance technique 
consists of raeasuring high frequency capacitance“Voitage 
characteristics in dark (and under different illumination 
levels if quasi-Ferrai level separation is to be determined 
from high frequency capacitance data) and measuring low 
frequency capacitance-voltage characteristics in dark and 
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under various illumination levels. The* conductance technique 
consists of measuring admittance-voltage characteristics at 
various frequencies in dark and under the illumination levels 
used during capacitance measurements, and analysis of measured 
admittance data. It is to be noted that the capacitance and 
the conductance as a function of bias at a particular illumi- 
nation level are measured sim.ultaneously by the bridge. 

4.3.1 Capacitance Data Analysis 

Figure 4.1 illustrates energy level diagram of a trans- 
parent conductor ( 10202 ) -oxide (Si02) -semiconductor (p-Si) 
structure, under light, at a certain bias V. In this energy 
level diagram, E is the silicon conduction band edge, E_ is 
the silicon valence band edge, is the hole irnref, Ep is the 
electron imref , Eq is the silicon bandgap, is the interface 

potential, 0p is the bulk silicon Fermi potential,'^ 

silicon electron affinity, ^10 is the indium oxide electron 

1. 0 X 0 

affinity, Ep is the Fermi level in indium oxide, is the 

bulk indium oxide Fermi potential, E^*^ is the indium oxide 

10 

conduction band edge, and is the indium oxide valence band 
edge. A small ac signal superimposed on the applied bias 
causes change in space charge with change in interface poten- 
tial and the change in interface state position with 

respect to the Fermi level position causes charging discharging 
of interface states. The measured equilibrium (low frequency) 






195 


capacitance at any bias is therefore due to contributions 
from oxide capacitance, space charge capacitance, and inter- 
face state capacitance. These capacitances can be resolved 
with the help of equivalent circuits given in Figure 2 fox 

equilibrium (low) frequency. Figures 2(a), (b) correspond 

d 

to the dark condition , where is the equilibrium lov; 

frequency measured capacitance in dark, is the space 


,d. 


charge capacitance in dark, C.' is the capacitance associated 

-U o 




p 


with interface states in dark, and is the equivalent 

d 

parallel capacitance due to and Similarly Figures 

2(c), (d) correspond to the illuminated condition, where 

the equilibrium low frequency measured capacitance under 

illumination, is the space charge capacitance under 

illumination, is the capacitance associated with interface 

states under illumination. 

1 s 


In order to find interface state density at a particular 
surface potential, one needs to know oxide capacitance, C , 

U A 

and space charge capacitance, The oxide capacitance, 

is a plane parallel capacitor and depends on the oxide thick- 
ness, t^^, and oxide permittivity, ^ ^yr ' 


(C /a) = e /t = K e /t (4.1) 

' ox' ox ox o ox 

where A is the area of the plane parallel capacitor (i.e. 
device area) , is the oxide dielectric constant, and e q is 






(d) 


..,e Brmknt oWt ^^.>3 

srldtfe oi: 

T“ 

conciitiw . 
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the permittivity of free space. The value of oxide dielectric 
constant, is usually not known for thin and intermediate 

oxides, and is assumed to be 3.82, its value for thick oxides. 
Impurities, however, may change its value considerably. The 
value of oxide capacitance is generally estimated from satura” 
ted MOS capacitance in accumulation or in strong inversion at 
equilibrium low frequency . 

The silicon space charge in dark, Qs^d'^®^ found by 
solving Poisson’s equation in the space charge layer. At room 
temperature and in non“*degenerate silicon with constant doping 
density, the silicon space charge in dark is given by the 

following expressions [l] : 


(a) = + ''(2kT egPpQ)[exp(“Ug)+Ug"H-(^) £ exp(Ug) -Ug-1} ] 

P-Si 



(d) U = q li^/kT 


(4.2) 
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In these equations, k is ■ Boltzmann' s constant, is semicon- 
ductor permittivity, is majority carrier concentration 

at the interface, ^po^^no^ minority carrier concentration 
at the interface, T is device temperature, N^(Np) is doping 
density in p-type (n-type) silicon, n^ is intrinsic carrier 
concentration in silicon, and q is magnitude of electronic 
charge ^ 


The silicon space charge capacitance per unit area, in 
dark, '^scd'^^’ obtained by differentiating the space charge, 
Qgcci» with respect to the surface potential, The silicon 

space charge capacitance per unit area, is a function 

of the doping density, Nciopj_j^g s surface potential, f and 

can be calculated with the help of following expressions [l] s 


^^scd 

1 




£g)/(2kT)] 


[l-"exp("-U^) + (^o^Ppo^ iexpCUg)-!} ] 

l/ITphup«^-l+^/p'pP'[Txp(up-U^--l] 


p-Si 
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The upper sign in these expressions is valid for > 0, i.e., 
downward bending, and the lower sign for < 0, i.e*, upward 
bending of the energy bands. 

The onset of strong inversion in dark takes place at 
interface potential, given by the expression s 


(a) 


= Vg - 20p , 


P“Si 


(b) 0, 


(c) Sj 


invd 


= (“) In (Ny/Np, 


V^l^n- 


p-Si 


n-Si 


(4.4) 


(d) 0^ = (-HI) ln(NG/NQ), n-Si 


Vq is the voltage equivalent of silicon band gap Eq, 

Fermi level potential in p-'type (n"type) silicon, Ny(N|^) is 
effective density of states in valence band (conduction band), 
and Ny^CN^) is silicon doping density in p-“type (n-type) silicon. 

Figure 4.3 contains a selection of measured capacitance- 
voltage characteristics of In 202 ~Si 02 *-Si structure, sample 
EPOI-7. The 30 Hz characteristics obtained in dark and under 
three illumination levels L^,L.p and and the dark 100 kHz 
characteristics have been included in Figure 4.3, The lowest 
illumination level, L^, vjas so chosen that there was no disper- 


sion in strong inveD^sion region below 30 Hz frequency. This 
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ensured that the low frequency equilibrium capacitance-voltage 
characteristics were obtained and both the inversion layer as 
well as the interface states responded to the applied small 
sinusoidal signal. In dark, equilibrium was not obtained at 
30 Hz between both, the inversion layer and a part of the 
interface states, and the small ac signal. Under optical 
illumination, at levels and above, the device capacitance 
saturated to the silicon oxide capacitance, both in strong 
accumulation and is strong inversion. This fact supports the 
assumption that the energy bands are flat in transparent 
conductor and TCOS structure can be used for interface investi- 
gation using small signal admittance measurements as in case 
of MOS structure. The silicon oxide thickness, t , was 

w y\ 

calculated using Equation (4.1) and its value carae out to be 
678 Ro The experimental data of Figure 4,3 indicate the 
presence of two peaks in the interface state profile, one 
near the valence band edge, and the other near the conduction 
band edge. 

At 100 kHz, the measured capacitance in dark, C 

hfd’ 

v/ill not have contribution from interface states in strong 
inversion. The processing of the measured capacitance data 
begins with the calculation of the doping density, 

(N^ or Nq) , from the high frequency minimum IvlCS capacitance, 
‘^hfcU treasured at high frequency in dark in strong inversion 
where capacitance value becames constant, using the follov'/ing 


relations ; 
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Here is the rainimum value of space charge capacitance in 

dark under strong inversion, and the interface potential at 
the onset of strong inversion in dark, W is defined by 

Equation (4.4 ) . For sample EPOI-7, the value of oxide capa- 
citance v;as estimated from the saturated low frequency MOS 
capacitance of Figure 4,3 in strong inversion. The exact value 
of doping density near the interface, N-, . , was found by a 

few iterations using Equations (4.4 a , b) and(4.5 b) . The 
value of the acceptor density in case of sample EP0I~7 came 

out to be 1.25x10 cm , while its bulk value according to 

16 -3 

resistivity was 1.60x10 cm 

Using the experimentally obtained doping density, the 
dark space charge capacitance, , was calculated as a 

function of interface potential, f , using Equation(4.3 a). 
Calculated was then plotted semilogarithrnically as a 

function of interface potential, 4^, and such a plot for 
sample EPOI-7 is shown in Figure 4.4. 


The lov/ frequency dark MOS capacitance measured at 30 Hz, 
Cifc|, was then reduced to the parallel capacitance, 
defined by the equivalent circuit diagram of Figures 4. 2(a), (b) 
and according to the relation ; 
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and the value for each bias was calculated. 

In the next step, the interface potential, as a 

function of applied bias, V, was obtained in dark by graphi- 
cally integrating the low frequency capacitance-voltage chara- 
cteristics, measured at 30 Hz, according to the relation [l6] i 

*1 = +K (4.7) 

where K is the integration constant. Accurate values of the 

integration constant and the oxide capacitance can be obtained 

in the following manner. Initially the graphical integration 

of low frequency C-V curve is carried out using Equation (4.7 ) 

in the accumulation region and simultaneously the equivalent 

p 

parallel capacitance in dark, Cjf^is calculated using 
Equation(4 .6) , Generally, in strong accumulation, the parallel 
capacitance, can be expected to consist mainly of the 

space charge capacitance In that case, if the oxide 

capacitance is optimally estimated, the experimental In 
vs relation should come out to be linear with the slope of 

q/2kT5 since in strong accumulation, the expression for 
given by Equation (4.3 )can be approximated as r 
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Q 

(a) ~ [q2 N^/2kT]^/2[-g^p(_U^/2)],p-Sl, 

strong accumulation 

Q (4.8) 

(b) ~ NQ/2kT]^'^^ [exp(Ug/2)] , n-Si, 

strong accumulation 


A few iterations to find the correct slops of In ^ i 

curve in strong accumulation will lead to very accurate deter- 
mination of oxide capacitance. Now the linear part of the 
experimental In vs relation can be matched against the 

calculated In 0^^^ vs characteristic in strong accumulation 

to obtain the integration constant of Equation (4 .7 ) . 


Once values of the oxide capacitance and the integration 
constant of Equation (4.7) wore optimized, values of and W 
were calculated over the whole region of measurement, and 


D 

in vs ^ ^ v^}as plotted as shown in Figure 4*4* Figure 4*5 

shows the experimentally obtained. ^ vs V characteristics, in 
dark and under illumination levels L^,L2 and L^, for sample 

EPOT-7. The dark C-V characteristics measured at 30 Hz exhi- 

P 

bited dispersion in inversion, i.e., beyond “0,75V. was 

not calculated in the region of inversion showing dispersion. 

d 

Subsequently, the interface state density in dark, was 
obtained at various interface potentials , S' ^ , using the 


relation ; 




4**^ v» V eh«r«ettjrl«tic« 

E^b2-7 oMaima from graphical int^^mfJ^n nf Im 
frttiwaftCf C*V charecttriitica in dMtk m',r‘, 
lltmimixm UmU l.^tL2» md 
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m'? 

IS 


IS 


/q.A 


(C^ 


Ifd scd 


)/q.A 


(4.9) 


The band energy, E, corresponding to 
in dark is given by ; 


interface potential, 



( a) 

E"Ey 

= q(0p+ *i) 

P“Si 

(b) 

Ec-E 

= E(,-q((Zip+ * .) 

P“Si 

(c) 

Eq~E 

” q(0n-»i_) 

n-'Si 

(d) 

E“-n^ 

= =(3~qC0p- * , 

n~Si 


The interface state density profile in dark as a function of 
band energy vvas obtained for sample EPOI-7 using Equations 
(4. 9), (4. 10) and has been displayed in Figure 4.6. 

The capacitance data under light can be analysed in the 
following manner. The low frequency parallel capacitance 
under light, C^-i-j^jCan be obtained according to the equivalent 
circuit diagrams of Figures 4.2(c),(d) and the relation s 


1/C 


P 

Ifl 


^^^Ifl 



(4.11) 


Cifi is the low frequency or the equilibrium MOS capacitance 
under light. The experimental interface potential vs bias 
relation, under a particular illumination level, can be 
o’-'tained by graphically integrating the corresponding low 
frequency equilibrium MOS capacitance vs voltage 
characteristics according to the relation ; 
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dv + K (4.12) 

Same value of the integration constant can be used as found for 
the dark condition, if the levels of illumination do not 
exceed low level injection conditions, as was the case in the 
present investigation. 


At illumination level equilibrium was achieved at and 
below the frequency of 30 Hz, at illumination level L2 belov/ 

120 Hz, and at below 400 Hz, This shows that under light 
one is not required to go to very low frequencies to obtain 
equilibrium, and the equilibrium frequency increases v^rith 
illumination level. Hence, at all the illumination levels, 
that the device EPOI-7 was subjected to, the 30 Hz capacitance- 
voltage characteristics can bo considered to be under 

equilibrium condition. The experimental In vs chara- 

cteristics obtained using Equations (4. 11) and (4.12 ), at illumina- 


tion levels 


^ 1>^2 


have been displayed 


Figure 


The silicon space charge capacitance under a given illu-s- 


raination level, can be calculated using experimental 

values of the doping density and the quasi-Fermi level separa- 


tion, 6Ep, with the help of following relations, as was done 
in dark ; ' . 
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(a) 


( b) 


C 


scl 
k " 


± J/i2kT) 


U-exp ( »Ug )+(n^yp l^ ) { exp ( H ^ ^ . 

4Txp(~U^)+Ug-l+(np^7^)[exp(Ug)-Ug“l] 


C 


scl 

F'" 


+ > Inno & 3 )/( 2 kT)] 


[ e xp ( up -l-( ply r.1 p I exp ( -up -Ij ] 


n-Si 


e xp( “l+( Pno/^^n o ^ 1”- ^ “^c ) +U,--1 ] 


(c) 

Ppo 

^ P 

— ^ po 

(cl) 

"L 

= n 

DO 

po 

(o) 

^^no 

^^no 


N 


A 


1 

^no 


, Rj ^ Nq, under low level 


no 


injection 


exp( |6Epl/.kT) , p-Si 
exp( jd Epl /kl) , n-Si 


(4.13) 


Comparison of Equation (4,13 ) with Equation(4.3 ).ireveals that 
space charge capacitance under light, will be same as 

that under dark, except in the region of strong inver- 


sion, v/here differs by a factor of exp(^ Ep/2kT) in 

numerator of expression for 

To calculate space charge capacitance under light, 
using Equations (4.13 a e) , the quasi-Fermi level separation 
under the respective levels of illumination have to be known. 

The imref separation can be obtained in three different ways, 
namely, from the measured high frequency illuminated capacitance 
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minimum in strong inversion, or from graphical integration of 
the measured low frequency illuminated C"V characteristics, or 
from the parallel shift of the experiraental In vs ^ 

characteristic in strong inversion* 


Under illumination, strong inversion sets in at a different 
value of interface potential, which can be obtained 

from the measured high frequency minimum MOS capacitance under 


illumination, Cu 

’ hfl 


, using the relations 
(a) i/c^j5; = i/c5!;i^ - i/c. 

invl 


ox 


(4,14) 


(b) 




«doping/2(C™“/A)2 


In the dark condition, the interface potential at the onset of 
strong inversion, f ^ is given by Equation(4.4 a , c) . 

However, under illumination, the quasi-Fermi level separation, 
6Ep, reduces the band bending (interface potential) required 
to set in strong inversion. The difference in the values of 
the interface potential required for strong inversion to set 
in, in dark and under illumination, gives quasi-Fermi level 
separation ; 

invd invl , 

6Ep = ql ^ 1 (4.15) 

The graphical integration of low frequency equilibrium 
C--V characteristic gives value of interface potential as a 
function of voltage given by Equations (4, 7)ano (4.12 )for dark 
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and illuminated conditions respectively. If such graphical 
integration is carried out betv^/een points in strong accumula- 
tion and very strong inversion in dark, where ^ l.Oj 

then the interface potential scans practically the whole band 
gap. However, under illumination, strong inversion sets in 
at a lower value of interface potential by an amount 6 Ep/q. 
Hence, graphical integration of vs V characteristic 

between very strong inversion and strong accumulation, so 
that 1, can give quasi-Fermi level separation by 

following relations ; 


(a) 


S 4 f = 
1 


^lfl/Cox=l 

‘^Ifl/^ox"^ 


[l-(Cifi/C^^)]dV, 


(4.16) 


(b) 6Ep = EQ-q(S'jl) 

^ p is the integrated value of interface potential between 
strong accumulation and very strong inversion obtained from 
low frequency C-V characteristic under light. 

Perhaps the most accurate way of determining 6 Ep is to 
determine the parallel shift between the experimental in 
in Cppp vs ^ p characteristic and the calculated In ‘=scd 
characteristic in strong inversion, as shown in Figure 4.4. In 
very strong inversion, the low frequency parallel capacitance, 
Op pp reduces to space charge capecitance , under illumma— 

tion, since Cp^ « C^^^p. Equations(4.13 a , c) can then be 
approximated as s 
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(a) ~ A(q^ , 

e^p[(q ^ j_+ 6Ep)/2kT] , p-Si 

=lfl - =301 ~ aj p„y2kT)l/2 . 

exp[(-q f ($Ep)/2kT] , n-Si 


(4aV) 


Equation(4. 17) shows that In cf vs 

irl 


^ ^ would be linear in 


strong inversion with a slope equal to q/2kT ,and will have 'a 


parallel voltage shift of ^Ep/q from the calculated space 
charge capacitance in dark As illumination level in- 

creases, as in case of sample EPOI-7 from Lp to L^, corres- 
ponding quasi "Fermi level separation increases and 
in Cppp vs curves with increasing illumination will shov-j a 


parallel voltage shift in strong inversion towards flat band 
condition. 


Values of quasi-Fermi level separation, corresponding to 
illumination leads Lp,L 2 and for sample EPOI-7, obtained by 
three different experimental techniques proposed, have been 
presented in Table 4,1. 


Once quasi-Fermi level separation at each illumination 
level is obtained from any of the methods proposed above, space 
charge capacitance under illumination, *^scl * can be calculated 
using Equation (4 .13 ) . Figure 4.4 displays the illuminated 
In vs characteristics corresponding to different 
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Table 4.1 z Experimental values of imref separation 

obtained, under different illumination levels, 
from different techniques for sample EPOI-T 


Illumination 

level 

6 E 

p (eV) 


Frora graphical 
integration of 
Cffi vs V curve 

From high 
frequency 
pacitance 
minimum 

From parallel 
ca“ shift of In 

vs j_ curve ^ 
in strong 
inversion 

4 

0 .24 

0.27 

0,25 

Lo 

0.31 

0.34 

0.32 

2 




L 3 

0.46 

0.47 

0.47 
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illumination levels and Subsequently, magnitude 

of the experimentally obtained interface state density, 
corresponding to a particular illumination level, at different 
values of interface potential, were obtained by using the 
relation ; 

nL = /'fA (4.18) 

Before the energy location of the interface state could 
be ascertained from illuminated capacitance measureiaents , it 
becomes necessary to determine for values of the inter- 

face potential, the electron imref, Ep, controls interface 

h 

state occupancy, and for ),vhich values, the hole imref, Ep, 
controls the same. If the state capture cross-section is same 
for electrons and holes, and if the capture cross-section is 
independent of energy level, this issue can be resolved easily. 
In that case, the electron quasi-Fermi level will control 
state occupancy, if at the interface, (E^^-Ep) is smaller than 
(Ep-E^) otherwise the hole quasi-Fermi level will control the 
state occupancy, cf. Fig, 4.1. In other words, if for p-type 
silicon, the condition 

[VG-(^i+^Z5p+6Ep/q)] < (^i_+0p) (4.19) 

I'jrevails, charge exchange will take place mainly between 
interface states at the electron imref and the conduction 
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oandj otherwise 

ciwibe, between ini-P-rfoo^ ^ ^ 

the valence band. " 

In many real interfaces tho i 4. 
section o 4. electron capture cross- 

e? ,iffer by orders of maqnitudo f 

capture cross-section, a of ■ . 

tl-e capture cross-sectlon’m ^ 

level Of the state. i„ ^ucra''^! 

sucn a situation, if 

^o-<^p >> p ,a , 

® ^s h (4.20) 

charge exchange with stnino 

^ around electron imref E® win 

oominate, otherwise with states , 

States around hole imref 

P are the electron u ■, •-> %• n an( 

rcapectively. i^; I! ; T- ^ ---^ce 

bsind gap en cross-sections are Independent c 

vend gap energy, then the condition of Equation (a 20^ ■ 

translated into the fon • ‘=<ica tion ( 4.20 )can be 

pntsntlal r the. interface 

P-'c.nti.al, for p-type silicon : 


{Vq-®_0, 


6E 


1 ^p- 


F. 


q‘) < t^ i+0p- ln(-— )] 

e 


(4.21) 

l-Il' T ‘=t°aa-aection vary with the state energy 

■ -VC.., 0 situation becomes more complicated, m this case 

caol,uro cross-sections have to be detemined in different ' ’ 

"s-e has to be compared wi 
.\-dh far each value of the Interface potential, to determine 

h imicf controls interface state occupancy at the particu. 

rntcrfaco potential, and contributes to interface state admi- 
ttanco. 
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In case inrormation about cr, and u cannot be obtained 

n e 

expei. iraentall.y , the region of interface potential where uncer- 
tainity about the dominant irnref prevails, will at the most be 
about 0.12V on each side of the interface potential which makes 
quasi-Fermi levels equidistant from the midgap. This is based 
on the assumption that the capture cross-sections may not differ 
oy more than four orders of magnitude, in v\hich case the maxi- 
mum region of uncertainity in interface potential region will be 
I.J ln( I . In such a case, the state density profile was 
not evaluated in this region of interface potential. States 
near a band edge were assumed to exchange charge with the 
corresponding band. If a peaked state density distribution 
(i.e. peaked vs characteristics) is obtained such that 

the peak location is outside the above mentioned uncertainity 
region. , the resolution of issue electron vs hole exchange v\fith 


states is c arried out in the following manner. All the states 
under tho poaked state density distribution were assumed to 


c'xchango charge with tho band, whoso edge v;as closer to the 
observed peak location. For example In vs Tf ^ characteri- 

stic of sample EPOI-7 under illumination level showed a 
poaked distribution with the peak located at T ^ = 0.39V 

(of. Figure 4.4). The imrefs were equidistant from the mid gap 


at interface potential of 0,26V. Hence all the states giving 


rise to the peaked c5f]_ distribution with peak located at 
0.39V were assumed to exchange charge with conduction band. 
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Once the dominant iniref is identified, at a paxticular 
value of the interface potential, the energy location of the 
state can be determined according to the following relations, 
for p-“type silicon 5 

(a) E-'E^ = if hole iraref controls state occupancy, 

(b) h-Ey = ^ "• 6 Ep, if electron iraref controls 

state occupancy 

( 4 . 22 ) 

The preceding discussion underscores the fact that, 
although the low frequency capacitance technique can be 
employed independent of the conductance technique to obtain 
the state density profile from surface admittance measurements 
in dark, both the techniques have to be employed in order to 
accurately process illuminated admittance measurements. 

Values of electron and hole capture cross-sections, for 
sample EP0I“7,we:ce obtained over different regions of the 
silicon bandgap from the conductance technique, v/nich is 
elaborated in next section. Capture cross-sections were 
found to vary with the bandgap energy as well as illumination 
level, and the electron capture cross-sections were found to be 
orders of magnitude smaller than the hole capture cross-sections. 
Using experimental values of electron capture cross-section , 0 ^ , 
and hole capture cross“section>Oj^‘, the dominant imref was found 
at each value of interface potential, and the energy location of 
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the states were determined. The experimental interface state 
profile, obtained under illumination levels ^ 1*^2 ^3" 

illuminated capacitance data analysis discussed above, have 
been displayed in Figure 4.5. 

4.3.2 Conductance Data Analysis 

The measured capacitance of a device consists of oxide 

capacitance, space charge capacitance, and interface state 

capacitance. The interface state capacitance is to be extracted 

from measured capacitance as discussed earlier, and any error 

involved in determining oxide capacitance and space charge 

capacitance (or in doping density) may result in inaccuracy in 

interface state density, especially if it is low. Moreover, 

the change in capacitance with voltage may not be very large, 

and hence capacitance measurements have to be very accurate. 

\ 

Conductance is measured simultaneously with capacitance in a 
standard capacitance bridge. Conductance-voltage characteri- 
stics at different frequencies may show peaks whose magnitude 
may vary by more than one order of magnitude, and hence the 
peak magnitude and location can be determined easily. Since 
measured conductance peaks are directly related to the inter- 
face states, the information on interface states obtained from- 
conductance measurements are more accurate and reliable, espe- 
cially when interface state densities are low as in case of 
thermally oxidized SiO^-Si systems. However, conductance data 
analysis is quite involved and is the main drawback of this 
technique. 
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A comprehensive discussion of the conductance technique is 
given by Nicollian and Goetzberger [l9]. The principle of MOS 
conductance technique can be understood with the help of equi- 
valent circuit diagrams of Figure 4.7. Values of the parallel 
capacitance C and the parallel conductance G„ can be calcula- 

F P 

ted from the measured values of the oxide capacitance, and 

the total MOS capacitance, C, and the total MOS conductance, G, 
using the equivalent circuit diagrams of Figures 4.7(a) , (b) , (c) 
and the following relations [l9] ? 


(a) Cp 

(b) Gp 






(4.23) 


Hero LO is angular frequency of applied ac signal. The observed 
admittance behaviour can be explained with the help of three 
different models for equivalent circuit diagrams representing 
int'Orface states. These models are for single level states, 
continuum of states, and continuum of states under the influence 
of statistical potential fluctuations at the interface. 

According to Nicollian and Goetzberger [l9], charge exchange 
botwoon the interface state and the majority carrier band is 
likely to prevail, even in the inversion regime, in dark. Hence 
th.j o’')Gerved conductance peaks in dark arise due to charge 
exchange betv^feen majority carrier band and interface states. If 






<,*1 Eqwlvalwsl circyit {Jiagram of ln2%“Sll)2-Si r 
ifi fr«gw«f>cf , , 



2 ^ 2 . 


^is interface state capacitance and is the resis“ 

tance associated with those states, then the product C. R. 
gives interface recombination time constant for majority 
carriers, t , which varies with surface potential, 


For a single level state., interface recombination admi- 
ttance contains one C. ^R. branch in equivalent circuit. The 

X. 3 X. 3 

frequency dependent equivalent parallel capacitance, C , and 

P 

conductance, Gp, are then given by [l9] : 


(a) 


"P 


sc 


+ 


=ls 




( 4 . 24 ) 


Gp^^j if plotted against frequency or bias goes through a peak 
at = 1 [19] ; 


(a) 03 


maj 

R 


= 1 


at G, 


'p/w 


peak 


( 4 . 25 ) 


C. q.A.N- 

[ VJmax = 


v/hero [G„/, is its value at peak, A is sample area, C- is 

P/U) iiiQX ^ 

interface state capacitance, is interface state density, 

and q is magnitude of electronic charge. 

If the states are so close to each other that a continuum 
of states exists, and their density varies slowly wit surface 



223 


potential, then- interface recombination admittance contains 
a number of series C. R. branches which can be grouped toge" 
ther to give majority carrier time constant, In such a 

case, Cp and Gp are given by [19] i 


(a) C. 


D 


q.A.N. 

= C , + 

sc ^ _ maj 




R 


(b) Gp = ‘ }!ln[W-T“®j2 


9 T “^^3 
R 


] } 


(4.26) 


In case of continuum of states also, shows a peak if 

plotted against bias or frequency, when [l9] ; 


(a) 0 ) = 1.95 at G. 


p/o) 




(4.27) 


Statistical fluctuation in surface potential may arise due 
to random distribution of charges in the oxide, ionized impuri" ; 
ties in silicon, and oxide thickness variation over interface, 
piano. In such a case, the parallel capacitance and conductance 
as functions of average surface potential, are given by 

[19] ; , i 
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(a) C 


P 


sc y- 


qAN 


2 U 


IS 


B 


[2Tc(c^+crg+a^)] 


2Ur 


S [exp(“Z-y)](tan“'^[Gxp(y)]) 


dU , 


(b) Gp 


/ 


f [exp(-Z“y)] (ln[l+exp(2y) ])d.U 


L 27 x( 0 ;+ag+a^)] 


( c) y = ln(w , 


(d) Z = [(U3-Ug)^]/[2( Ao^+0 ^)], 

(e) Ug = ql^/kT, 

(f) Ug = q^tg/kT, 


where q is the separation between mid-gap energy level and 
Fermi level, and <^g>cfg, and 0^ are standard deviations given by 
[19] ; 


( a ) 0 


q t 


sc 


kT e [l+C /C 
s ox sc-^ 



(.,) , q" q [i-exp(-up] 

B [GkT] 

(c) a [exp(up-l] 

[2kT] E3[l+Cp^/qp] 


for p-Si 


for • n-Si 


(4.29 
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(d) 

(e) 


q^Np [expCB^)-:^ 

" ox [A/C^x-^A/C^^] ’ 


for p-Si 


for n-Si, 


^sc= A S/C3,. 


(g) cc 1.5 t ' 

SC ^ 

(h) Q = (Cqj^/A) [-V+f .)] ™ 

For ail values of oxide thickness, o^ is smaller than cx^ and Og, 
and in general cr^ is the controlling factor. ■ In case of statis- 
tical fluctuation in surface potential also, shows a maxi- 

mum as a function of bias or signal frequency [l9] t 

(a) w « 2.5, 

2U 

t^%/a)^niax = [2Tt( cjg+cr^+c^) { [exp( -Z-y^,^) ]} 

B 

qAN. - 

{ ln[l+exp(2y^^^) 3 } clUg , = K ] 

(c) y^^^ = Ug-Ug+ln 2.5, for p-Si 

(d) = dg-Ug + In 2. 5, for n-Si 

K is a factor whose value generally lies between 0,30 and 0.80. 
It is to be noted that irrespective of interface state modal, 
(Gp/^) shows a peak if plotted against bias or frequency. 
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The conductance technique basically consists of calcula- 
ting Cp and at various frequencies and bias from raeasured 

admittance data using Equation (4.23). The next step is to 
identify the appropriate model(s) for interface states and then 
accordingly calculate interface state densitiesj, their energy 
levels and interface state recombination times (and hence 
capture cross-sections). Clearly the data ’analysis is quite 
involved compared to capacitance technique, but the results 
obtained are quite reliable. 


Figure 4.8 represents the conductance-voltage (G-V) chara- 
cteristics of sample EPOI-7 measured in dark at different value 
of the signal frequency. Values of the parallel conductance ,Gp , 
and the parallel capacitance ,0 were calculated from the raeasu- 
red values of the oxide capacitance^C , the total MOS condu- 
ctance,G, and total MOS capacitance C using Equation(4,23 ) , 

Calculations of G and C were carried out for all levels of 

P P 

illumination, i.e. zero, Lj^,L 2 and L^. Subsequently, Gp^^^ was 
plotted on a semilogarithm.ic graph both as a function of bias 
for different va3.ues of frequency, and as a function of fre- 
quency for different values of bias. Figure 4.9 displays the 


oxporirnental In Gp/^j vs V characteristics of sample EP0I~7 for 
different frequencies corresponding to the dark condition. 




Sw i logarithmic plot of th» conductwncft ¥» volt®??# 
((WV) characlsrlstics of sample EP0I~7 measuwstl 
In dark at dlt ferent values of the ac si«jnal 
ireiper ':y 







r’tyuliJ kMpf^X'SmnUl v» V cha:i:acfc«ri«tlc» ?>f 

EPOJ-7 «t ent f Willem, l«i fr'» 

dark «4mittarict waiuif«»»rit» : 
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The next step is to identify whether the source of Gp is a 
single level state, or a continuum of states, or a continuum of 
states under the influence of statistical fluctuation of the 
interface potential. To carryout this identification, one 
has to plot ss a function of to for different values of the 

bias', and compare the form and the half width of these with 
the form and the half width of the GpyjjQ vs to characteristics, 
calculated by Nicollian and Goetzberger for the three cases 
of single level states, state continuum, and state continuum 
under statistical fluctuation of f ^ [l9]. Further processing 
of the conductance data can- proceed in the following manner. 

If the preceding step reveals that the single level model 
applies, one can calculate from each In vg V or each 

vs (0 characteristic showing a peak, the interfacb state density^ 
and majority carrier time constant, j using Equation 

(4.25 a , b) , On the other hand if continuum of states model, 
on: continuum of states under statistical fluctuation model 
applies, than Equations (4.27 a , b) and (4,30 a , b) can be 
used respectively for those models for determining and 
-j-maj^ The energy location E of the interface states, and the 
majority carrier capture cross-section for p-type Si ( for 
n-Si) in dark can be obtained by using following relations s 

(a) E-E^ = q(0p+*:°®'U, for p-Si, 

(b) E-E^ = , for 
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(c) = Gxp(uP®^^^)/V , for p-Si , 

(d) , for n-Si, 

(a) = qW?®®^/kT 

V is avarago thermal velocity of majority carriers, and 
is the interface potential corresponding to the bias at which 
(Gp/(,j) has a peak. 

Figure 4,10 shows experimental InCG^y^) vs m characteri- 
stics of sample EPOI-7 at various values of the bias and illu- ^ 
mination levels. Figure 4.11 reproduces In(Gpy'j^j) vs co for 
the three different interface state models calculated by i 

hlicollian and Goetzberger [19]. The nature of the dark Gp/^^ 
vs w characteristics of sample EPOI-7 indicated the statistical^ 
model to bo the appropriate representation. Values of and : 
E in dark, calculated using Equations (4 .30' b) and (4. 31(a) res- ^ 
pectively, for sample EPOI-7 have been plotted in Figure 4.6, 

The factor K in Equation(4 .30 b) can be determined by matching i 
a few values obtained in a particular region from condu- i 
ctanco and capacitance data. The values of hole capture cross- | 
sections, obtained from Equation(4*31 c) , have been presented i 
as a function of interface state energy level in Figure 4.12. ] 

Figure 4.13 displays the conductance vs voltage (G-V) i 

characteristics of sample EPOI-7 measured at different frequen- j 
cios under illumination level L-j^. Figure 4.14 displays the j 
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experimental In (Gpy^) vs V characteristics .of sample EP0I--7 
obtained under illumination level at different frequencies. 
Nicollian and Goetzbexger [l9] have argued that, under the dark 
condition, charge exchange between the interface state and the 
majority carrier band is likely to prevail even in the inver- 
sion- region. In contrast, under illumination, charge exchange 
can take place either between the ccnduction band and interface 
states at the electron quasi-Fermi level, or between the 
valence band and interface states at the hole quasi-Fermi level. 
The former will prevail if a ,n > c> p , otherwise, the latter. 
Since values of the capture cross-sections have, firstly, to be 
determined from data, it would facilitate data analysis, if • 

there was another way of ascertaining the source of a particular j 
set of Gp^^ characteristics. This could be done easily if ' 

capture cross-sections were independent or \Neak functions of 
the band gap energy. In that case, if hole exchange with the 
valence band was dominant, (Gpy-^) would move towards more 
positive values of with decreasing frequency, and vice-versa 
if electron exchange with the conduction band was involved. If 
the capture cross-sections vary strongly with band gap energy, 
the above procedure may not provide clear clue. 

The experimental In (Gpy^^) vs V characteristics under light 
of Figure 4.14, display two sets of peaks? one set generated by 
hole exchange between the valence band and interface states at 
the hole quasi-Fermi level? the other set generated by ovchange 
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of electrons between the conduction band and interface states 
located at the electron quasi-Fermi level. For the former 
set, values of corresponding to 

depletion regirae, and the same for the latter are in the weak 
inversion regime, cf. Figure .4,5. Identification of v/diich type; 
of carriers are involved in charge exchange, for each of the 
two sets of peaks in Figure 4.14, did not present any diffi- 
culties, except that in case of the 30 Hz and 120 Hz chara- 
cteristics, there is considerable overlap between values, 

contributed by the two sources, resulting in broad shoulders. 

Gp/,^ vs CO characteristics plotted in Figure 4.10, belong- ; 

ing to each of the sets of characteristics of Figure 4.14 in- 

.single. 

dicated that the statis tical/(model applied to the set generated! 
by hole exchange and single level model applied to the set 
generated by electron exchange. Accordingly, values of N^^jE, ; 

and Og were evaluated under illumination from | 

data of Figure 4.14 using the relations of EquationsC 4.25 a), 
(4.25 b),(4.30 a), (4.30 b),,g4.31 a) ,(4.31 c), and the follo'wing 
expressions, for the condition v/hen electron imref became 
dominant under illumination. 

(a) E-E^ = q(0p+ 6Ep, for p-Si, electron exchange, 

(b) Og = expdjP®®*^ - 6Ep)/V T for p-Si, electron 

exchange, 

(c) w = 1.0, for single level state, electron exchange in 

(4.32) 


p-Si , 
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The values of E, cr^ and cr^ corresponding to illurai- 

nation intensity Lj^ have been presented in Figures 4.6 and 4.1i 
In a manner similar to that for illumination intensity ^p/t 
data obtained under illumination level and were proce™ , 
ssed. For both these levels, tv^/o sets of peaks were ob“ 

tained, one set arising out of hole exchange and following 
statis tical/^model, the other set arising out of electron 
exchange and following the single level model. Experimental 
values of state density, their energy location, hole and 
electron capture crosS“Sections , obtained for illumination 
intensities Lp and have been plotted in Figures 4.6 and 4.12 

4.4 RESULTS AND DISCUSSION 

4.4,1 Spray Deposited TCOS Structures 

Figure 4.15 presents a selection of capacitance vs vol- 
tage (C“V) characteristics of a spray hydrolysis deposited Sn 
doped Inp02“Si02“nSi device, sample SNOI-3, measured at 
different frequencies, and in dark and under illumination. It 
can be seen that under optical illumination, the device capa- 
citance saturated to the silicon oxide capacitance both in 
strong accumulation and in strong inversion. The silicon 
oxide thickness, t , was calculated to be 146 R from the value: 
of the oxide capacitance, assuming a dielectric constant of | 
3.82 for Si02 layer. At frequencies above 50 kHz, the device 
capacitance exhibited dispersion in strong accumulation due to ; 
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a nigh series resistance. The hicjh series resistance may have 
resulted from the high bulk silicon resistivity of about 10 Ohm* 
cm. Ihe doping densityjN^, was calculated from the constant 
high frequency capacitance in strong inversion in dark. This 
came out to be 2,4x10^'^ cm ^ and the corresponding bulk Fermi 
potential, 0^, was calculated to be 0.30 V. 

The C“V characteristics of Figure 4.15 indicate that, at 
10 Hz, the inversion layer does not respond to the ac signal 
in dark. Also the interface states in the minority carrier 
band gap half are not able to follov/ the 10 Hz are signal in ^ 
the dark. The situation is drastically changed under illumina” 
tion. No dispersion can be observed between the 90,30 and 
10 Hz characteristics under illumination, and hence the 10 Hz 
characteristic obtained under illumination, may be considered 
to be the low frequency equilibrium capacitance. The 10 Hz 
C-V characteristic under illumination was graphically Integra- 
ted to determine ^s V relationship under illumination, and 
was used for determining interface state density distribution 
under illumination. The 10 Hz C-V characteristic in the dark, 
for voltages higher than 0,20 V, v^/as also made use of to cal- 
culate interface state density distribution and to determine 
H^i vs V relationship in dark. 

"I 

The capacitance data analysis was carried out as discussed 
in Section 4.3.1. Figure 4.16 contains experimental low fre- 
quency equivalent parallel capacitances in dark, and 
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under lights and calculated space charge capacitances in 

dark and under illumination, for sample SNOI-3, as a fun- 

ction of interface potential 5?^. Figure 4*16 also includes 
50 kHz equivalent parallel capacitance vs 5?^ characteri- 

stic in dark, lAtiich indicates that even at 50 kHz, a considera- 
ble amount of interface states contributed to the parallel 
capacitance in dark around flat band, however, in inversion 
and around raidband, the high frequency parallel capacitance 
curve matches well with the calculated space charge capacitance ; 
curve. The illuminated 10 Hz parallel capacitance under illu- 
mination is found to match well with calculated space charge 
capacitance under illumination in strong inversion. Also, the 
low and high frequency parallel and space charge capacitance 
curves in dark and under illumination matched very well in 
strong accumulation. Consequently, the integration constant 
for graphical integration of low frequency C-V curve, and 
quasi-Fermi level separation could be easily determined. The 
quasi-Femi level separation determined from parallel shift 
of illuminated In vs ^ curve compared to dark In vs ! 

31^ curve in strong .inversion came out to be 0.32 eV. 

Probably because of high series resistance, V or to | 

characteristics were not suitable for further processing, hence, j 
the capture cross-sections could not be determined experimentally 
for this sample. Under illumination, the issue of hole vs ele— i 
ctron exchange with states was resolved as discussed in See. 4. 3.1 
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by determining location of quasi“Fermi levels with respect to 
mid gapj by taking into consideration the location of states 
contributing to the observed peak in snd by omitting the 

interface potential region of uncertainity in dominant imref. 

The interface state density distribution for sample SNOI “3; 

calculated from and C vs . characteristics of Figure 

4,15, as a function of band gap energy is depicted in Figure 

4.17. Interface state densities of sample SNOI-3 obtained from; 

dark and illuminated capacitance data nicely augment each other 

to form a section of U shaped profile which is generally obser-^ 

ved in thermally grown Si02“Si system. The interface state 

density around mid gap was found to be about 1x10 cm V. 

The illuminated capacitance data of sample SN0I“3 revealed a 

peak in located at about 0.30 eV above valence band arising 

due to hole exchange between valence band and hole imref. The 

11 “2 

density of interface states at the peak was about 4.0x10 cm 
V Since dark capacitance data could not provide any inf or- 
ination about interface state density in lower half of the band- 
gap in case of sanple SNOI-S, it could not be ascertained if 
this peak was observed under dark condition also, or was due to 
interaction with light.. 

Figure 4.18 displays a selection of capacitance vs voltage 
characteristics of a spray hydrolysis deposited In202"SiO2"pSi 
device, sample SPOI-1, measured at different frequencies, andi'>» 
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^3 were obtained as 0.10 eV, 0.30 eV, and 0.45 eV 
respectively. Using the experimentally obtained value of 
iroref separation^ 6 Ep, for each illumination level, space 
charge capacitance under illumination, vs interface 

potential, curves v^ere calculated and plotted in Figure 

4.19. 


The interface state density distribution, for sample 
SP0I”1, in dark, calculated from difference in and C , 

lid SCO 

has been plotted as a function of band gaps energy in 
Figure 4.20. In case of sample SPOI-1 also, the issue of hole 
vs electron exchange mth states under illumination was 
resolved as discussed in Section 4.3,1. The conductance 
technique could not be used for determining capture cross- 
sections of states due to high series resistance of sample 
SP0I“1, After the dominant imref was determined, correspon<4ng 
energy location of the interface state densities calculated 
wore determined. The regions near the band-edges were avoided 
for Mpg determination as inaccuracies in the magnitude of 
could bo considerable. Interface state density distributions 
obtained for illumination levels Lp,Lp, and for sample 
SPOI-1, are also presented in Figure 4.20* 


The interface state profile obtained from dark capacitance 
data shows the usual U shape profile in the band energy region 
of 0.15 to 0.85 eV above valence band with raid gap interface 
state density of about 1x10 cm jV (cf. Figure 4.20). This 




U shape profile obtained in dark is sirailar to that observed 
in case of sample SMOI-3 (cf. Figure 4.I7) in upper half band™ 
gap. However, contrary to sample SNOI-3, the state density 
profile in the lower half band gap could be determined from 
dark C-V data of sample SPOI«-l. Though the state density 
profile in lower half, band gap does not indicate any peak in 
dark, it shows slight hump around O.SO-O.SOeV above valence 
band. Under illumination, the state density profile matches 
with dark state density profile in upper half band gap. How- 
ever, illumination level reveals a distinct interface state 
density peak around 0.34 eV above valence band with peak state 
density of about 2.4x10^^ cm"^ As the illumination level | 

increases, the raagnitude of the peak increases from 2,4x10^^ to ; 

. , ,„11 -2 --1 

4.0x10 cm V ,. and its location shifts towards valence 
band edge from 0.34 eV 0.29 eV. It may be noted that both 
the samples SNOI-3 and SPOI-1 showed peaks under illumination 
with about the same peak interface state density and the locatior 
around 0.30-0,35 Y above valence band. Increase in peak 
magnitude and shift in its location with illumination level 

I 

suggests that there are optically assisted states in this 
region, though in other regions the illumination did not change 
state density profile. The raagnitude of interface state den- 
sity peak under illumination appears to be saturating with 
increase in illumination level. 



4.4.2 Chemical Vapor Deposited TCOS Structures 

Interface state investigation in chemical vapor deposited ; 
TCOS strucrures Vi/as also carried out by the capacitance tech~ 
nique , as due to high sheet resistance of Sn 02 films, clear 

could not be obtained. As in case of spray depo- 
sited TCOS structures, capture cross-sections for the. majority 
and minority carriers could not be determined for chemical 
vapor deposited samples, and the dominant imref was identified; 
as discussed earlier for such cases. 

Figure 4.21 displays capacitance vs voltage characteristicj 
of a typical chemical vapor deposited undoped Sn 02 ”Si 09 “nSi 
device, sample CNOT 51, obtained at 30 Hz in dark and under 
illumination. Though inversion layer and interface states 
in the minority carrier band gap half could not follow the 
30 Hz ac signal in dark, under illumination they follov;ed the 
ac signal. The 30 Hz C-V characteristic under light can be 
considered as the low frequency equilibrium frequency since no ; 
dispersion was observed between the 30 Hz and 120 Hz characteri-l 
sties under illumination. It could be seen that the 10 kHz ; 
C--V characteristic in dark could not attain oxide capacitance ' 
in strong accumulation indicating a high series resistance of 
the sample CNOT 51. The silicon oxide thickness was calcula- 
ted to be 450 % from the value of oxide capacitance. The bulk 

15-3 

doping density was found to be 5,0x10 cm and the 
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corresponding bulk Fermi potential, 0^, vjas 0.23 V. Low 
frequency (30 Hz) illuminated C“V curve was graphically inte'- 
grateo to determine W ^ vs V relationship. 

Figure 4.22 displays calculated space charge capacitance 
in dark, ^ ^ characteristic on a semi logarithmic 

scale, ’experimentally o’otained low frequency parallel capa™ 
c..tance under light, is also plotted in Figure 4.22 and 

the parallel shift in In plot in strong inversion resulted 

in quasi-Fermi level separation of 0.21 eV. Using this value 
ox quasi'-Fermi level separation, space charge capacitance under 
light was calculated and plotted in Figure 4.22' *^scd' 

^ncl ^If] sl^owed good matching in strong accumulation and 

'^ccl *^lf] showed good matching in strong inversion. The 

interface state density distribution under illumination v/as 
calcvilated from and values at each interface poten- 

tial. 

Figure 4.22 displays a peak near valence band edge in lovj- 
fr<iquGncy equivalent parallel capacitance under light, C^f]_ 
interface potential, curve. This peaked distribution is 
duo to charge exchange between valence band and hole imrof. The 
c ..irrosponding interface state density distribution obtained 
iiiic.lor illumination is displayed in Figure 4.23. - As in case of 
’)■'.) th the spray deposited samples SPOI 1 and SNOI 3, the chemi- 
c li vapor deposited sample CNOT 51 also shows an peak under 
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illumination located at about 0.42 eV above valence band vd-th 
the peak magnitude of 4.6x10 states/cm”/ V. However, in the 
absence of interface state data in dark, it could not be 
ascertained if such a peak was due to illumination or the dark 
N:; -(E) also had a peak. 

Figure 4,24 presents a selection of capacitance vs voltage 
characteristics of a typical chemical vapor deposited Sb doped 
Sn 02 “'SiC 2 "*Si device, sample CNOT 47, measured at different fro™ 
quencies, and in dark and under illumination levels Lj^,L 2 ,L 2 . 

It is to be noted that < 1-9 < and that these levels 
were not same for different samples. The 30 Hz dark C“V 
characteristic showed that the inversion layer could not res- 
pond to the ac signal in dark. Also the interface states in 
minority carrier band gap half could not respond to the ac 
signal in dark beyond “0.50 V. The lov'i frequency C-V chara- 
cteristics under illumination show the presence of interface 
state density peak, as was observed in other samples under 
illumination. The oxide thickness calculated from oxide capa- 
citance was found to be 537 %. The bulk doping density in 
silicon was found to be 5.0x10 cm and corresponding bulk 
Fermi level potential was 0.23 V. 

Figure 4.25 displays dark space charge capacitance, 
vs interface potential, characteristic for sample CNOT 47 

calculated from experimentally obtained doping density. The 
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experimental lov\; frequency equivalent parallel capacitance 
vs ’J; characteristics for the illumination levels of zero, 

L^,L 2 , and L3 are also plotted in Figure 4.25, The parallel 
capacitance in dark was obtained in accumulation, depletion 
and weak inversion re-gions, but could not be obtained in strong 
inversion as the inversion layer could not respond to 30 Hz ac 
signal in dark. The quasi-Feriiii level separation for illumina- 
tion levels and were calculated from parallel shift 

in In vs It plot in strong inversion, and these were 

found to be 0.15 eV, 0.22 eV and 0,29 eV respectively for 
illumination levels Lj^,L3,L3, Consequently, space charge 
capacitance under light, was calculated using values of 

quasi-Fermi level separation at each illumination level. 
vs * characteristics at those three illumination levels are , 
also displayed in Figure 4.2 5. It is seen that the dark para- 
llel capacitance in case of sample CNOT 47 did not show any 
peak, while illuminated parallel capacitance curves shov/ed 
peaks close to valence band edge which wore identified to be 
due to charge exchange between valence band and hole imref . 

Figure 4.26 displays the interface state density distri- 
bution in sample CNOT 47 obtained in dark and under illumination 
levels and L^. The interface state density distribution 

in dark showed a very shallo^w U shaped profile in the energy 
region of 0.30 - 0.75 eV above valence band, vdth raid gap state 
density of about 1x10^^ cm ^ V The state density profile in 
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dark did, not show any peak or hump and the values of state 
density at 0,75 eV above valence band was only 1,2x10^^ cm ^ 

V . Comparing interface state density profiles of samples 
SNOI 3 (cf. Figures 4.17, SPOI 1 (cf Figure 4.20), CNOT 51 
(cf Figure 42'3 ) and CNOT 47 (Figure 4.26) it is observed 
that in all cases illumination gives rise to interface state 
density peak near valence band whose magnitude increases 
with illumination level and position shifted towards valence 
band edge. The origin and nature of these states could not 
be ascertained. These peaks were located in the range of 
0,30 “ 0.35 eV above for spray deposited In202 samples 
and 0.35 - 0,45 eV above for chemical vapor deposited 
Sn 02 samples. 

4.4,3 Electron-Beam Deposited TCOS Structures 

Electron-beam deposition of In202 has been used to 
fabricate TCOS structures on n-type and p-type silicon. 
Interface investigations in these samples have been carried 
out using capacitance and conductance techniques under 
illumination. 

Figure 4,27 displays a selection of capacitance vs vol- 
tage characteristics of a typical In 202 "Si 02 -nSi device, 
sample ENOI-16, measured at different frequencies in dark and 
under illumination levels Lj^,L 2 > and seen that the 

states in the minority carrier band gap half and the inversion 
layer could not respond to the 30 Hz ac signal in dark, but 
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they responded to the same under illumination. The illuminated 
capacitance approached oxide capacitance value in strong inver- 
sion and in strong accumulation. No dispersion was observed 
between 30 Hz and 120 Hz illuminated C-V characteristics and 
hence 30 Hz illuminated C~y characteristics were considered as tl 
the low frequency equilibrium characteristics. The oxide thick- 
ness was found to be 733 X. The donor density, was found 

15 —3 

to be 5.0x10 cm and the corresponding bulk Fermi potential 
was calculated as 0.23V. 

Figure 4.28 displays space charge capacitance in dark, 
calculated using experimentally obtained doping density for 
sample ENOI-16. Low frequency (30 Hz) C-V curves at each illu- ; 
mination level were graphically integrated to obtain correspond-; 
ing vs V relationships. Experimentally obtained low frequence 
parallel capacitance, sample ENOI-16, at each illumina- ' 

tion level are also presented in Figure 4.28. Low frequency 
parallel capacitance curves under illumination show a peak near 
valence' band edge. The imref separation was found to be j 

0.12 eV, 0.23 eV, and 0.30 eV for illumination levels Lj^,L2>and i 
L^j respectively. Subsequently, space charge capacitance at 
different illumination levels were calculated and plotted in 
Figure 4.28. 

Figure 4.29 presents interface state density profile of j 
sample EN0 It 16 obtained from capacitance data analysis in dark | 
and under illumination. The issue of electron vs hole exchange 
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at the states was resolved as explained in Section 4.3.1 in 
case of non-availability of experimental capture cross-section 
data. The state density profile in upper half band gap, 
obtained in dark and under illumination, indicated a. U shaped 
background with midgap value of density of states as 
4.0x10 cm V . The state density distribution in lower 
half band gap could not be obtained in dark as these states 
could not respond to 30 Hz ac signal used. However, under 
illumination, these states responded to the applied signal 
and interface state density distribution could be obtained. 
Illumination level revealed a peak located at 0.37 eV above 

valence band. The magnitude of this peak v\?as about 

11 —2 -1 

9,3x10 cm V , As observed in case of spray and chemical 
vapor deposited samples, the magnitude of the peak increased 
with light intensity and its location shifted towards valence 
band edge. Under illumination level the peak was located 

at 0.33 eV above valence band and its magnitude was 

12 -2 -1 
1.3x10-^ cm V 

Figure 4.3 presents a selection of C-V characteristics of a 
typical In 203 -Si 02 “PSi device, sample EPOI-7, measured at different 
frequencies, and in dark and under illumination levels Lj^,L 29 and. 
L 2 « It is seen from Figure 4,3 that 30 Hz illuminated 
capacitance approached oxide capacitance value in strong accumu- 
lation and strong inversion, but 30 Hz dark capacitance showed 
dispejrsion in inversion. No dispersion was observed in illumi- 
nated capacitance data at 30 Hz and 120 Hz and hence the 30 Hz 
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illuminated capacitance vs voltage characteristics were 
considered as low frequency equilibrium characteristics. The 
oxide thickness calculated from oxide capacitance was 678 R. 

The acceptor density, was found to be 1.25x10^^ cm”^ and the 
corresponding Fermi potential in bulk was found to be 0.17 V. 


Figure 4.4 displays space charge capacitance in dark, 
calculated using experimentally obtained doping density for 
sample EPOI-7. Low frequency (30 Hz) capacitance vs voltage 
curves at each illumination level- were graphically, integrated 
to obtain vs V characteristics which have been presented in 
Figure 4.5. Low frequency parallel capacitance, at 

each illumination level were calculated from the measured C-V 
curves at low frequency, and these have been displayed in 
Figure 4,4. The quasi-Fermi level separation for sample EPOI-7 


under illumination levels Lj,L 2 i. and L^, obtained from three 
different methods suggested in Section 4.3, have been presented 
in Table 4,1. The imref separation was found to be about 
0.25 eV, 0.32 eV, and 0.47 eV for illumination levels L 2 >L 2 ,and 
Lo respectively. Subsequently, space charge capacitance at 
different illumination levels v^ere calculated and plotted in 


Figure 4.4. The C-V and vs characteristics reveal two j 

peaked state density distributions, one near valence band and th€ 


other near conduction band. 


Interface state density profiles for sample EPOI-7 obtained 
from capacitance data in dark and under different illumination 
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levels have been presented in Figure 4,6. Dark capacitance 
data of sample EPOI-7 showed a broad N. peak located around 
0.38 eV above valence band edge. Under illumination, the 
magnitude of the peak increased, the width of the peaked den- 
sity distribution became smaller, and its location shifted 
towards valence band, edge v;ith increase in light intensity 
indicating presence of optically assisted states. The state 

density at the peak near valence band under illumination level 
12 —2 —1 

was 1.1x10 cm V . Sample EPOI-7 revealed an additional 

very sharp peak at about 0.30 eV below conduction band edge 

under illumination level The magnitude of the peak near 

conduction band edge also increased with light intensity and its 

position shifted towards conduction band edge. The magnitude of 

the peak near conduction band was larger by about one order of 

magnitude compared to that for the peak near valence band edge. 

Under illumination level L 2 s> the magnitude of the peak near 

13 „3 _i 

conduction band was 1.6x10 cm V . This peak was not obser- 
ved in dark. This sample therefore shows the presence of addi- 
tional optically assisted states near conduction band. 

Figures 4.8 and 4.13 show semilogarithmic plots of con- 
ductance vs voltage characteristics of sample EPOI-7 at 
different frequencies, in dark and under illumination level 
respectively. Corresponding vs V characteristics in dark 

and under illumination level are shown in Figures 4.9 and 
4.14 respectively. Experimental Gpy'(jj ^ characteri- 
stics of sample EPOI-7 at various values of 
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the- bias and illumination levels are shown in Figure' 

4.10. The vs w plots indicate that the states belonging 

to the peaked state density distribution near valence band in 
dark could be represented by continuum of states under the 
influence of statistical fluctuation in interface potential. 
Hovj’ever, under illumination, single level states also contri- 
buted to the peaked density distribution near valence (cf. 

Figure 4.10). Figure 4.10 also reveals that the peaked state 
density distribution near conduction band under illumination 
consisted of single level states. The states responding to 
optical illumination, therefore, appear to be single level 
states. 

The issue of hole vs electron exchange with states was 
xosoivod easily for c-ample EPOI-7 by obtaining capture cross- 
sections for holes, and for electrons, o^, at different 

interface potentials, from the experimentally obtained vs 

V or vs 0 ) characteristics at different frequencies in 

dark and under illumination. The occupancy of states was found 
to be controlled by hole imref in dark^ and under illumination 
for tho states under peaked density distribution near valence 
band, since for this interface . potential range ^ 

Similarly, electron imref was found to control the occupancy of 
states under peaked density distribution observed under illumi- 
nation near conduction band. 
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Interface state densities at different interface poten— 
tials obtained by conductance technique in dark and under 
illumination are also presented in Figure 4.6. Excellent 
matching . between the' state densities obtained from condu- 
ctance and capacitance techniques even at the peaks indicates 
that the capacitance data under illumination have been proper- 
ly analysed. This lends confidence in capacitance data ana- 
lysis technique under illumination presented in Section 4.3.1. 

The admittance data analysis of sample EPOI-7 under 

illumination made it possible to obtain electron capture 

cross-section, of upper half bandgap states, and hole 

capture cross-section, of lower half bandgap states. 

Figure 4,12 presents experimentally obtained state capture 

cross-sections for holes, o^, and f or ele ctrons, cr^, for 

sample EPOI-7. Figure 4.12 indicates that hole capture 

cross-sections were in the range of lO^^^-lO”^^ cm^, while 

-20 

electron capture cross-sections were in the range . of 10 - 

— 18 2 

10 cm . Moreover, for these optically assisted states, 
the capture cross-sections were found to vary strongly with 
band energy and illumination level (cf. Figure 4.12). 

Surface admittance data analysis of sample EPOI-7 under 
illumination demonstrates that with careful measurements, 
capacitance and conductance techniques under illumination 
can be used to obtain reliable information about interface 
states. It also demonstrates that both capacitance and . 
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conductance data analysis are necessary for obtaining reliable 
results under illumination especially since capture crosS“. 
sections may not be equal for holes and electrons, as was 
found in case of sample EP0I--7. Moreover, the conductance 
technique was found to give additional information about the 
states which could be helpful in determining the nature and 
origin of states. 

4.4.4 Effect of Illumination and Processing on State Density 
Distribution 

Irrespective of .the deposition method used, the TCOS 
samples revealed a peaked interface state density distribution 
under illumination near valence band edge overlying a U shaped 
background. The peaks were located in the region of 0.30-- 
0.45 eV above valence band, their magnitude increased with 
light intensity, and their location shifted towards valence 
band edge. 

Interface investigations on thermally grown Si02“Si 
system, without a subsequent anneal, have been reported to give 
a broad peaked interface state density distribution located 
around 0.30 eV above valence band [34-36]. Vs/e have also 
employed unannealed thermally grown Si02-Si system for TCOS 
samples and obtained a peak in the same band energy region in 
all the samples. This peak therefore appears to be due to an 
inherent interface defect in thermally grown Si 02 "Si interface. 
Theoretical studies have attributed such a peak to silicon 
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dangling bands at the interface [37], Post oxidation annealing 
in a mixture of H 2 3nd N 2 around 450*^0 anneals out these states, 
and hence finished devices which undergo such a heat treatment 
after metallization show only a U shaped density distribution. 

The reported investigations have been carried outuin dark 
and the effect of illumination on the peaked state density 
distribution has not been studied. Vi/e have also obtained the 
peaked state density distribution around 0.38 eV above valence 
band in dark in case of e-beam deposited sample on p-Si, sample 
EPOI-7. In case of other samples fabricated on n-Si by spray 
hydrolysis, CVD, and e-beam deposition, the states in lower half 
of band gap could not respond to the applied 30 Hz ac signal in 
dark and hence information about these states could not be 
obtained in dark. Spray deposited sample on p-Si, sample SPOI-1, 
showed a hump in state density distribution in band energy 
range of 0 .30~0..50eV above valence band, indicating presence of 
additional states, in this region overlying U shap.ed density 
distribution. 

All the samples showed that the m.agnitude of state density 
peak near valence band increased with light intensity and its 
location shifted towards valence band edge. This indicates 
towards the existence of optically assisted states in the 
band energy range of 0,30-0,45 eV above valence band. In 
optically assisted states, the capture cross-section varied 
strongly with band energy and illumination level. These states 
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are not due to permanent photon damage since the behaviour 
with illumination is reversible. The origin of these states 
could not be ascertained. However, it appears that they are 
caused by some optically assisted reversible process. In case 
of sample EPOI-7, in which case conductance technique could be 
used for admittance data analysis, it was found that >> cr^. 

Spray deposited and chemical vapor deposited samples did 
not reveal any peaked density distribution in upper half of the 
band gap. Electron-beam deposited sample on p-Si, sample 
EPC)I-7 , however, revealed a very sharp peak located in the 
range of 0.31-0.18 eV below conduction band under illumination. 
This peak also appears to be due to optically assisted states 
since the magnitude of the peak increased with illumination 
level ’while its location shifted towards conduction band edge. 
Conductance technique revealed these states to be single level 
states. These states could have been generated due to radia- 
tion damage during e-beara deposition. 

In view of the possibility of existance of optically 
assisted states, interface state investigation under illumina- 
tion becomes important for all opto-electronic devices which 
or>oratG under optical illumination. 

Physical deposition processes involving energetic parti- 
c.l'.':.' aro found to cause radiation damage which can be annealed 
with suitable heat treatments [2-13]. Processes involving 
onorgotic electrons have been found to create additional 
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interface states probably due. to ionization by energetic 
electrons and X-rays [2-9]. Irradiation by electron beam 
has been found to revealj by Cafsacitance technique, a 
peak around 0,30 eV below conduction band with magnitude in 
the range of lO^’^-lO^^ cin~^V"^ [8,10]. With, increase in 
electron dose, the magnitude of this peak has been reported 
to increase and its position shifted towards conduction band 
edge [8]. 'DLTS measurements have revealed a peak located 
around 0.10 eV below conduction band, with magnitude of the 
order of 10 'em V , for the same sample which showed a peak 
around 0,30 eV below conduction band by capacitance technique 
[S] . Electron capture cross-section for these states has been 
reported around 10 cm [8], 'which matches with the values 
obtained by us. In addition to damage at the interface, the 
electron beam has been found to generate traps in Si 02 [6], 

The capture cross-sections associated with these electron 
trapping centres show strong field dependence, probably due 
to distribution of these traps aL&n^ normal to the interfacial 
plane in the oxide [6]. Sample SPOI-7 also revealed a peak in 
the range of 0.31-0.18 eV below conduction band whose magnitude 
increased from about lO"^ to 10'^ cm” V”'^ with light intensity 
£uid vvlioso position shifted towards conduction band edge. These 
stcrtC'G could have been generated by stray electrons reaching 
interface. Field dependence of electron capture cross-section 
also indicates the possibility of traps distributed in oxide as 
has !joGn reported in literature [6]. 
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Except the peak near conduction band edge, the state 
density distributions obtained in TCOS samples prepared by the 
three deposition methods are similar in form, although magni™ 
tudes differ . Spray deposited samples showed minimum inter- 
face state density around 8x10^^ cm“^ V"^ at the mid gap, 
while G'-beam deposited samples showed maximum density of states 
around 4x10'^^ cm ^ V ^ at the mid gap. Chemical vapor deposited 
samples showed mid gap state density around 1x10^^ cm”^ V”^. 

4.5 CONCLUSIONS 

Vi/e have demonstrated that interface state investigation 
using .transparent conductor-oxide-serniconductorCTCOS )device under 
illumination extends the capabilities of admittance techniques 
and makes it possible to obtain interface state density distri- 
bution in most of the band gap. We have developed a procedure 
for the capacitance and the admittance data analysis under ill- 
illumination which gives reliable interface state density dis- 
tribution. Three direct methods have been presented for deter- 
mining quasi-Fermi level separation under illumination, v/hich 
involve either high or low frequency capacitance data in 
inversion. Vie have also demonstrated that though in dark the 
cnj.iac.i.tancG data can be analysed independently to obtain inter- 
face state density distribution, under illumination the 
capacitance and the conductance techniques are to be used toge- 
ther for obtaining reliable information about interface states. 
Th'.;- cc;')acitance data gives quasi-Fermi level separation under 
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illumination, while the admittance data under illumination 
gives capture cross-sections for majority carriers and 
minority carriers. The knowledge about capture cross-sections 
becomes necessary to determine which imref controls occupancy 
of states, especially if ^ as was obtained for e-beam 
deposited sample. The occupancy of states is controlled by 
the hole imref if >> otherwise electron imref will 

dominate. In the absence of experimental data on state capture 
cross-sections, the issue of hole vs electron exchange can be 
resolved in the following manner. The states near a band edge 
will exchange charge with the corresponding band. If 
and does not vary with band energy, than the occupancy of 
states will be controlled by the imref which is closer to the 
respective band edge. If cr^ 7 ^ or they vary with band 
energy, then there will be uncortainity about the dominant 
imref, for interface potential region of about 0.12 V on each 
side of the interface potential at which both the imrefs are 
equidistant from the mdd gap energy level. This is on the 
basis of the assumption that the capture cross-sections nor- 
rnaJ.ly will not vary by more than four orders of magnitude. 

In such 0 case interface state density is not calculated in 
this p(;t<'ntial range. If a peak is obtained in state density 
distribution, then all the states corresponding to the peaked 
ui.stri.bution v/ill exchange charge v>;ith the band with which the 
statf. s fst the peak exchange charge. This simplifies the 
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resolution of the issue of hole vs electroh exchange with 
states. Excellent matching in interface state densities 
obtained by the capacitance and the conductance techniques 
under illumination show that the. capacitance 
and the admittance data under illumination are properly analy- 
sed. This lends confidence in the analysis procedure developed. 

Interface state density distributions in case of TCOS 
samples prepared by spray hydrolysis, chemical vapor deposition, 
and G-beam deposition reveal the presence of optically assisted 
states with a peaked density distribution near valence band 
overlying a U shaped background. The peak is located in the 
band energy region of 0.30 - 0.45 eV above valence band. The 
magnitude of the peak increased with light intensity and its 
position shifted towards valence band edge. These states could 
bo duo to silicon dangling bonds at the interface which are 
characteristic of thermally grown Si 02 -'Si interface. 

Amongst the three deposition processes used, e-beam 
deposited samples showed maximum density of states (around 
dxlO^’’'' cm""^V”^) at the mid gap v^/hile spray deposited samples 
Ghov/c’C.' r;;:! ni iiium density of states at the mid gap, around 8x10^^ 

. The n;ituro of state density distribution was same in 
all idle cases except that the c-bcam deposited sample on. p'^Si 
.iL'Vi-'olud additional optically assisted states with a peak in 
raiv-jo of 0.31-0,18 eV below conduction band edge. The 
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maqnitude of the neak wac; in +Kn r. ,^12 -2 -l 

was in the range of 10 cm V and 

It incroased with light intensity and its position shifted 

towards conduction band edge. These states could be due to 

radiation damage duo to e-beam deposition. Electron capture 

croGS-ooctlons for the states giving peaked distribution near 

cenducLion band was in the range of 10“^*^-10"'^^ cm^ which 

rnatchoc with the value of 10"19 cm^ for such states reported in 

li uorn The capture cross-sections have been found to 

V. r/ .jL.i.oiu.ly with band energy and with illumination level in 

of optically assisted states. 


The* origin of optically assisted states could not be 
dscorlainod. These are not due to permanent photon damage 
us the oifcct of illumination is found to be reversible. These 
btrUx'S soern to bo gonoratod by some process involving interaction 
vd.th fjhotons. 
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